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Background: Underground coal miners are required to remain on their feet for most of 
their 8-12 hour working shift.  The work boots currently worn during these long shifts are 
not only uncomfortable but potentially contribute to the high incidence of lower limb 
injuries sustained in this occupation.  Despite the negative consequences associated with 
inappropriate footwear, no published research was available that had systematically 
examined mining work boot fit and comfort and the interaction between how mining work 
design affects lower limb biomechanics while miners walk.   
Research Question: The overall aim of this thesis was to identify design features that 
influenced the fit and comfort of mining work boots and affect the way individuals walked 
in order to develop evidence-based guidelines to improve the design of footwear for 
underground coal miners. 
Methods: A series of three studies, presented in three parts, were conducted to address 
the overall thesis aim.  Part I aimed to assess current mining work boot satisfaction in 
relation to the work-related requirements of underground coal mining (Chapter 2) and to 
identify specific work boot design features that warranted further investigation (Chapter 
3).  Part II aimed to assess current work boot fit (Chapter 4) and identify how work boot 
fit could be improved (Chapter 5).  Part III described the boot designs that have previously 
been shown to influence gait (Chapter 6) and then the effect of the systematic alteration 
of these design features on the comfort (Chapter 7) and slip (Chapter 8)/trip (Chapter 9) 
risk of participants walking on simulated underground coal mining surfaces.  Finally, the 
three studies were used to create more specific boot design recommendations for 
underground coal miners (Chapter 10).   
Major Conclusions:  It is apparent current underground coal mining work boots do not 
provide acceptable fit, comfort or functionality while miners walk.  Not only do miners 
find their current work boots uncomfortable, but quantitative evidence shows the shape 
of miners’ feet do not match the shape of the inside of their work boots.  Miners continue 
to report a myriad of foot problems and lower limb injuries that they attribute to their 
current work boots.  Overall, underground coal mining work boots need to be redesigned.  
Specifically, the forefoot and heel area need to be made wider and there should be variable 
flexibility between the boot shaft and boot sole.  Additionally, when designing future 
work boots for underground coal miners, interactions between the design features and 
surfaces walked on need to be considered because the boot shaft and sole interact to 
influence plantar pressures, lower limb muscle activity and lower limb motion while 
miners walk.  By incorporating evidence-based design recommendations, the fit and 
comfort of underground coal mining work boots could be substantially improved, thus 
improving worker satisfaction and potentially decreasing the high incidence of lower limb 
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Work boots with a steel cap/toe are a core safety requirement for workers in all 
occupations where the risks of cutting and crushing injuries of the feet are high (Marr and 
Quine, 1993).  Boot design features, however, are not uniform throughout all occupations 
and depending on the workplace, there is variability in the style of boot prescribed.  One 
occupation in which steel-cap work boots are mandatory is underground coal mining.  In 
underground coal mining the type of steel-capped work boot worn is generally restricted 
to those provided by the employer.  A defining mandatory safety characteristic of mining 
work boot design is a high shaft (upper part of the boot that covers the shank) to account 
for the typically wet work environment.  The two main styles of high-shafted mining 
work boots available are slip-on or lace-up, with the boots traditionally made from either 
rubber or leather (see Figure 1).  Combinations of these styles and materials have resulted 
in structurally different work boots, particularly in regards to overall boot mass, shaft 
stiffness and height, ankle support and sole flexibility (Dobson, 2013; see Chapter 3).   
In underground coal mining the type of boot worn is important because 82.5% of 
miners are required to remain on their feet during a shift and continuous walking 
constitutes a large component of their day-to day-activity (Marr, 1999).  As a result, lower 
limb injuries, specifically overuse and sprains/strains, are prevalent in underground coal 
mining.  In fact, these injuries contribute to approximately 18,863 days off work annually 
(Government of Western Australia, 2011) and, in a 5-year period, they cost $140 million 




possibly explains this high incidence of sprains and strains, particularly for the shoe-
ground interaction.  In order to limit injury risk, it is vital the shoe contacts the ground in 
a manner that allows adequate range of motion of the foot for efficient shock absorption 
and push-off while walking (Neely, 1998).  As the foot is the most distal component of 
the lower limb, any abnormal loading or restrictions to foot motion caused by 
inappropriate footwear will influence the ankle joint, as well as the more proximal joints 
such as the knee (Neely, 1998, Liu et al., 2012).  This perhaps explains why, in 
underground coal mines, 49.2% of lower limb related injuries occur at the knee and 36.5% 
at the ankle (Smith et al., 1999). 
 
                                     
Figure 1: Two typical underground coal mining steel-capped work boots.  A: 
Gumboot (Style 015; Blundstone®, Australia) and B: Leather lace-up boot 
(Style 65-691; Oliver, Australia). 
 
When wearing ill-fitting footwear and performing an activity that involves 
repeated loading such as walking, the risk of a sprain/strain occurring in the supporting 
musculature and ligaments is increased because these structures are now required to play 
a larger role in shock absorption and pressure distribution (Hamill and Bensel, 1996, 
Böhm and Hösl, 2010).  Footwear that is too tight restricts foot movement, adversely 
influencing the distribution of the forces generated during walking (Doi et al. 2010; Rossi 





slippage (Doi et al., 2010, Rossi, 2001).  These types of footwear fit mismatches can also 
make the footwear uncomfortable to wear and lead to soft tissue injuries, such as foot 
ulcers and calluses (de Castro et al., 2014, Schwarzkopf et al., 2011, Au & Goonetilleke, 
2007, Marr, 1999).  Hence, well-fitting footwear can provide an appropriate level of 
support and shock absorption while walking, which, in turn, can enhance comfort and 
confidence in mobility (de Castro et al., 2010), leading to a reduction in lower limb pain 
and injury risk (Manna et al., 2001; see Section 5.1).   
Despite the importance of well-fitted work boots in ensuring wearer comfort and 
efficient foot motion, previous research has revealed that coal miners are dissatisfied with 
the fit and comfort of their work boots.  For example, of 717 underground coal miners 
surveyed, 52.1% reported that their boots did not fit properly and 63.5% reported 
inadequate ankle support (Smith el al., 1999).  In a similar study of 400 underground coal 
miners, 38% rated their boots as uncomfortable, 41.3% reported their feet slid inside their 
boots, 25% reported their boots were unstable on the walking surfaces, 29.1% were 
concerned with the fit of their work boots and 34.6% believed there were poor fitting 
procedures in place (Smith et al., 1999, Marr, 1999).  Although 37.4% of the miners who 
sustained a lower limb injury believed their work boots were the main contributing factor, 
there is no current objective evidence to support this notion (Smith et al., 1999; see 
Section 2.1).  Therefore, it is possible that ill-fitting work boots are not only leading to 
discomfort but also contributing to the high incidence of sprain/strain related injuries in 
underground coal mining by promoting abnormal loading patterns throughout the lower 
limb (see Chapter 2).   
This raises the question of how do we correctly fit underground coal mining work 
boots?  Simply put, footwear is deemed to fit correctly when a shoe ‘accommodates’ an 




underground coal miners’ feet compare to the shape of the inside of their work boots (see 
Chapter 4).  Also, there is no available systematic evidence on how the miners’ feet should 
be fitted inside their work boots (see Chapter 5).  Currently, there are guidelines on how 
to fit everyday footwear.  These guidelines, however, include vague statements, such as 
leaving a “thumbs width” gap between the longest toe and the end of the shoe and 
ensuring a shoe should provide a “snug” fit width wise (Rossi, 1998; see Section 5.1).  
Finally, as well as not knowing the shape of miners’ feet, it is unknown what boot design 
features affect the fit of underground coal mining work boots (see Chapter 3).  Therefore, 
making recommendations on how to improve the fit and, consequently, comfort of 
underground coal mining work boots has been difficult. 
Another issue confounding the design of an appropriate underground coal mining 
work boot is the walking surface.  In underground coal mines the walking surfaces can 
be both uneven and unstable (Gates et al., 2012), due to the presence of loose rocks, coal, 
gravel and water.  This creates an unpredictable environment where the demand placed 
on the lower limb to maintain dynamic equilibrium while walking is magnified (Menz et 
al., 2003).  Several studies have investigated the effects of work boots on gait in 
occupations involving unpredictable surfaces and prolonged walking, such as the military 
(Harman et al., 1999, Hamill and Bensel, 1996, Williams et al., 1997, House et al., 2013).  
Design differences between the boots that were compared, however, were typically too 
varied to be able to make any definitive conclusions as to why one boot performed better 
on a specific surface or when performing a specific task (see Chapter 6).  It is vital to 
systematically alter critical design features in a standard boot, as opposed to comparing 
boots with multiple different design features, to derive meaningful information upon 
which to develop guidelines about specific design features that should be included in work 




Evidence-based recommendations need to be developed in order to improve the 
fit and comfort of safety work boots for underground coal miners.  Although we know 
that alterations in boot design influence boot fit and parameters of gait, it is unknown 
which work boot design features have a positive or negative influence on work boot fit 
and comfort.  Research is therefore needed to better understand the interactions of mining 
work boot design features on work boot fit and comfort, particularly when underground 
coal miners walk on surfaces that simulate underground coal mining conditions.   
1.2 Aim 
The overall aim of this thesis was to systematically identify design features that 
influenced the fit and comfort of mining work boots in order to develop evidence-based 
guidelines to improve the design of safety footwear for underground coal miners.  To 
achieve this overall aim, the thesis has been presented as a series of studies, which were 
grouped into three parts.  Part I of the thesis involved two studies, which used different 
questions from one survey to investigate issues associated with the work boots that 
underground coal miners currently wear.  Part II involved analysing three-dimensional 
foot scans of the feet of underground coal miners, in isolation and in combination with 
the survey data from Part I, to investigate how current work boots fit the feet of 
underground coal miners.  Part III of the thesis included a systematic literature review, 
which guided three studies that explored how features of work boots affected the way 
underground coal miners walk.  The studies in each thesis part were conducted to: 
(i) assess current mining work boot satisfaction in relation to the work-related 
requirements for underground coal mining (Chapter 2) and identify potential boot 




(ii)  assess the current fit of underground coal mining work boots (Chapter 4) and 
identify how work boot fit can be improved (Chapter 5), and 
(iii) identify specific work boot design features that influence walking (Chapter 6) and 
systematically investigate these boot design features in a simulated work 
environment (Chapter 7, 8 and 9).   
The results of these studies enabled evidence-based recommendations to be 
developed to improve the design and fit of work boots for underground coal miners 
(Chapter 10).  These studies and how they systematically contributed to the overall aim 
of the thesis are depicted in Figure 2.  Specific hypothesis for each study are listed in the 
relevant chapters. 
1.3 Significance of the Thesis 
Underground coal miners are required to remain on their feet for most of their working 
shift.  The mining work boots they currently wear are not only uncomfortable but are 
potentially contributing to the high incidence of lower limb injuries sustained in this 
occupation.  Despite the potential negative consequences associated with poor work 
boots, no published research could be found that has systematically examined mining 
work boot fit and comfort and the interaction between how mining work boot design 
affects lower limb biomechanics while miners walk.   
Based on the findings of the studies described within this thesis, this thesis will 
provide the first internationally evidence-based design recommendations to improve the 
fit and comfort of work boots for underground coal miners.  





























Figure 2:  Schematic representation of the aim of the thesis and how the studies 
systematically contributed to developing evidence-based 
recommendations for work boots for underground coal miners.
Chapter 3 
Effect of work boot type on work 
footwear habits, lower limb pain 
and perceptions of work boot fit 
and comfort in underground 
coal miners 
Thesis Outcomes 
Evidence-based design recommendations to improve the fit and comfort of work 
boots for underground coal miners. 
Thesis Aim 
To systematically identify design features that influenced the fit and comfort of 
mining work boots in order to develop evidence-based guidelines to improve the 
design of footwear for underground coal miners. 
Chapter 2 
Are underground coal miners 
satisfied with their work boots? 
Chapter 4 
The three-dimensional shape 
of underground coal miners’ 
feet do not match the internal 
dimensions of their work boots 
Chapter 5 
How do we fit underground 
coal mining work boots? 
Chapter 6 
Work boot design affects the way 
workers walk: A systematic review 
of the literature 
Chapter 7 
Effect of shaft stiffness 
and sole flexibility on 
perceived comfort and 
the plantar pressures 
generated when 




Effect of work boot 
shaft stiffness and 
sole flexibility on toe 
clearance and shank 
muscle activity when 
walking on simulated 
coal mining surfaces: 
Implications for 
















































































Effect of work boot shaft 
stiffness and sole flexibility 
on lower limb muscle activity 
and ankle alignment at initial 
foot-ground contact when 
walking on simulated coal 
mining surfaces: Implications 












Current Underground Coal Mining Work Boots 
 




Chapter 2  
Are underground coal miners satisfied with their work boots? 
This chapter is an amended version of the published manuscript: Dobson, J.A., Riddiford-
Harland, D.L., Bell, A.F. & Steele, J.R.  2018.  Are underground coal miners satisfied 
with their work boots? Applied Ergonomics, 66, 98-104. 
Abstract 
Dissatisfaction with work boot design is common in the mining industry.  Many 
underground coal miners believe their work boots contribute to the high incidence of 
lower limb injuries they experience.  Despite this, the most recent research to examine 
underground coal mining work boot satisfaction was conducted over a decade ago.  This 
present study aimed to address this gap in the literature by assessing current mining work 
boot satisfaction in relation to the work-related requirements for underground coal 
mining.  Three hundred and fifty-eight underground coal miners (355 men; mean age = 
39.1 ± 10.7 years) completed a 54-question survey regarding their job details, work 
footwear habits, foot problems, lower limb and lower back pain history and work 
footwear fit and comfort.  Results revealed that underground coal miners were not 
satisfied with their current mining work boots.  This was evident in the high incidence of 
reported foot problems (55.3%), lower back pain (44.5%), knee pain (21.5%), ankle pain 
(24.9%) and foot pain (42.3%).  Over half of the underground coal miners surveyed 
believed their work boots contributed to their lower limb pain and reported their work 
boots were uncomfortable.  Different working roles and environments resulted in 
differences in the incidence of foot problems, lower limb pain and comfort scores, 
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confirming that one boot design cannot meet all the work-related requirements of 
underground coal mining.  Further research examining the interaction of a variety of boot 
designs across the different underground surfaces and the different tasks miners perform 
is paramount to identify key boot design features that affect the way underground coal 
miners perform.  Enhanced work boot design could improve worker comfort and 
productivity by reducing the high rates of reported foot problems and pain amongst 
underground coal miners. 
2.1 Introduction 
The prevalence of workplace injuries in the mining industry is high and, in the Australian 
context, occurs most often in underground coal mines (Smith et al., 1999, Government of 
Western Australia, 2011, Leigh et al., 1990).  The most common underground mining 
injuries are to the lower limb, contributing to approximately 18,900 lost working days 
and incurring $28 million in compensation claims annually (Armour, 2003, Government 
of Western Australia, 2011).  As the foot is the most distal segment of the lower limb, 
any abnormal loading or erroneous movement of this segment could explain this high 
incidence of lower limb injuries, particularly as foot biomechanics can influence proximal 
joints such as the ankle, knee, hip and lower back (Böhm and Hösl, 2010, Horak and 
Nashner, 1986, Neely, 1998, Liu et al., 2012).  A primary factor that alters loading and 
movement of the foot is footwear.  Consequently, underground coal mining work boots 
that are uncomfortable, restrict movement or provide inadequate ankle support can lead 
to incorrect foot placement when walking and, in turn, influence proximal joints of the 
lower limb (Redfern et al., 2001, Böhm and Hösl, 2010, Smith et al., 1999, Neely, 1998, 
Hamill and Bensel, 1996).  This perhaps explains why 49.2% of the lower limb injuries 
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reported by Australian underground coal miners occur at the knee and 36.5% at the ankle 
(Neely, 1998, Smith et al., 1999). 
Underground coal miners are required to wear steel-capped work boots with a 
high shaft (upper part of the boot that covers the shank) to satisfy personal protective 
equipment minimum standards (Marr and Quine, 1993, Australian/New Zealand 
Standard, 2010).  The type of steel-capped work boots worn by underground coal miners 
is generally restricted to those provided by their employer.  These work boots traditionally 
come in two main styles (slip on or lace-up), being made of either rubber or leather 
(Dobson et al., 2015; see Figure 1).  Despite the importance of functional footwear in the 
coal mining industry, there is a large gap in the scientific literature examining the work 
boots worn by underground coal miners.  In fact, the main research investigating 
underground coal mining work boot satisfaction was conducted over a decade ago (Marr, 
1999, Smith et al., 1999).  These older studies indicated that underground coal mining 
work boots were not meeting the work-related requirements of the miners, particularly in 












Figure 3:  Underground coal mining work boots.  A: Gumboot and B: Leather 
Lace-up Boot. 
 
As an item of personal protective equipment, work boots should be designed to 
minimise potential injury while allowing the wearer to walk proficiently, comfortably and 
without pain (Harman et al., 1999).  In the mining industry, however, previous studies 
B A 
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have revealed that dissatisfaction with work boot design was high with many miners 
reporting their work boots to be hot/sweaty (77.4%), uncomfortable (38%), unstable on 
walking surfaces (24.7%) and inflexible (27.4%; Marr, 1999).  This mismatch between 
work boot fit and comfort was further illustrated by a survey of lower limb injuries 
incurred by miners, which found that over one third (37.4%) of the miners attributed their 
injuries to their work boots (Smith et al., 1999). 
Since the late 1990’s there have been numerous technological advancements in 
the design and methods used to manufacture underground coal mining footwear (Oliver, 
2013, Mack Boots, 2015, Blundstone, 2016).  This has included the introduction of 
features such as wide fit footwear models, cushioned arch supporting insoles, soles 
shaped to adapt to uneven surfaces and the use of lighter polyurethane materials (Oliver, 
2013, Mack Boots, 2015, Blundstone, 2016).  There have also been changes in the tasks 
performed by coal miners, often as a result of new machinery used in underground coal 
mines (personal communication with industry, March 2016).  Given these changes, it is 
possible that, compared to 1999, the work boots coal miners wear might have changed 
sufficiently to enhance miner comfort and reduce lower limb pain when performing their 
work tasks.  Indeed, Dobson et al. (2015) reported that participants displayed differences 
in how they used their muscles while walking when wearing gumboots compared to 
leather lace-up boots on changing surface conditions.  However, although boot design has 
the potential to alter lower limb function when performing work-related tasks, no research 
has examined whether modifications to boot design have influenced miner comfort or 
lower limb pain incidence. 
Given the lack of recent research, it is also unknown whether the work boots 
currently worn by underground coal miners are compatible with their work tasks.  
Therefore, the aim of this study was to assess whether current mining work boots meet 
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current work-related requirements for underground coal mining and whether the miners 
are satisfied with their mining work boots.  To achieve this aim, the requirements of 
underground coal mining were characterised by documenting the miners’ job details 
(including working tasks, environment and work footwear habits), tabulating the miners’ 
foot problems and lower limb and lower back pain history and taking measures of their 
work footwear fit and comfort.  Relationships between work footwear habits, foot 
problems and lower limb pain history were then investigated to determine whether these 
responses differed significantly based on job details and work footwear fit and comfort.  
Based on past research, it was hypothesised that the underground coal miners would 
report a high incidence of foot problems and lower limb pain and be dissatisfied with the 
fit and comfort of their work boots.  It was further hypothesised that different working 
environments and roles would be associated with differences in the incidence of foot 
problems, lower limb pain and comfort scores reported by the miners. 
2.2 Methods 
2.2.1 Participants and Survey Implementation 
Underground coal miners (n = 355 men and 3 women; age = 39.1 ± 10.7 years; height 
=1.78 ± 0.31 m; mass = 92.1 ± 13.7 kg) employed by Illawarra Coal, at Dendrobium and 
West Cliff sites (NSW, Australia), volunteered to complete a survey, which collected job 
details, work boot habits, foot problems and lower limb pain history, boot likes/dislikes 
and ideal boot preferences.  Underground coal mining remains a male dominated 
occupation with workers generally being middle aged (personal communication with 
industry, March 2016).  Over half of the participants had worked underground (54.8%), 
and performed their current working role (52.6%), between 3 and 10 years.  Nearly a fifth 
had worked underground for over 16 years (18.8%).  The most common mining work 
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boot sizes worn were sizes 8-12 with 90% of participants falling within this range.  
Surveys were handed out to the participants at scheduled work health and safety meetings 
and training days or immediately prior to commencing a shift at the mines.  The 
participants completed the survey under the guidance of the research team, who clarified 
any questions the participants had and ensured all questions were completed.  All 358 
participants who volunteered to fill out the survey completed it. 
2.2.2 Survey Design and Development 
The design of the survey was based on previously validated surveys that had investigated 
underground coal mining work boots (Marr and Quine, 1993, Marr, 1999, Smith et al., 
1999), and modified after discussions with coal mining industry representatives.  The 
survey was trialled by 15 participants (age = 18 - 40 years) to ensure questions were 
readily understood. 
The final survey instrument included 54 items (15 closed-ended and 39 open-
ended items), divided into six sections that sought information pertaining to the 
underground coal miners’ job details; work footwear habits; foot problems and lower limb 
pain history; orthotic use, work footwear fit and comfort; and foot and footwear 
knowledge.  The variables used for analysis in this current study are discussed in more 
detail below.  The University of Wollongong Human Research Ethics Committee 
(HE11/198) provided approval of the survey content and administration procedures.   
2.2.3 Survey Items 
2.2.3.1 Job details 
Underground coal miners’ job details were determined via the open-ended question 
‘describe your current main working role’ and close-ended questions relating to years 
worked underground, years in current working role, type of surface worked on (muddy, 
uneven, slippery/wet) and hours spent walking, standing and sitting during a typical shift. 
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2.2.3.2 Work footwear habits 
Open-ended questions asked ‘what is your current mining footwear’ and ‘what don’t you 
like about your current work footwear’.  Whether the work boots were provided by their 
employer (Illawarra Coal), why this footwear was preferred and the miners’ preferred 
fastening method were determined with closed-ended questions. 
2.2.3.3 Orthotics 
Within this section, underground coal miners answered the close-ended questions of 
whether they were ever prescribed orthotics and, if so, do they currently wear them. 
2.2.3.4 Foot problems and lower limb pain history 
Foot problems were defined by a closed-ended question where participants circled the 
current foot problems they had or they circled ‘no’ if they did not have any current foot 
problems.  This style of question was repeated for foot and ankle pain.  Those participants 
who circled having foot and/or ankle pain were asked to elaborate with close-ended 
questions regarding frequency of pain on a five-point Likert scale (1 ‘rarely’ to 5 
‘always’), marking on a picture of the foot where the pain was located and circling ‘yes’ 
or ‘no’ as to whether they believed this pain was related to their work footwear.  Finally, 
participants were asked a closed-ended question where they circled any other lower limb 
pain they had (lower back, knee and/or hip) or circled ‘no’. 
2.2.3.5 Work footwear fit and comfort 
Participants were asked two closed-ended questions about fit and comfort.  One question 
required participants to rate their overall work footwear fit (1 ‘very poor’ to 5 ‘very good’) 
and the second question was to rate their work footwear comfort (1 ‘very uncomfortable’ 
to 5 ‘very comfortable’).  The participants were also asked a closed-ended question to 
rank, from 1 to 11 (1 being most important), which design features would make their ideal 
work footwear more comfortable. 
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2.2.4 Survey Analysis 
2.2.4.1 Descriptive analysis 
Responses to the closed-ended items were coded and counted to determine the frequency 
of responses for each item, before calculating descriptive statistics.  A thematic analysis 
was conducted on the answers to the open-ended questions to determine response 
frequencies.  The number of responses for each question varied due to non-responses, 
multiple answer selection or when questions did not require an answer from all 
participants.  Data were analysed only on the miners who provided a response to that 
question.   
2.2.4.2 Relationship analysis 
To assess current mining work boot design in relation to the work-related requirements 
and miner satisfaction with their current mining work boots, Chi-squared tests were 
applied to the data pertaining to work footwear habits, foot problems and lower limb pain 
history.  This determined whether the frequency of responses differed significantly (p < 
0.05) based on job details or work footwear fit and comfort (SPSS Version 21, USA). 
2.3 Results 
2.3.1 Job Details 
The main working roles reported by the participants were machine operation and heavy 
lifting (see Figure 4).  It is noted that whereas some participants described their job title 
(e.g. electrician), others described the activity they most commonly performed (e.g. 
walking).  Muddy (86.1%), uneven (88.3%) and slippery/wet (72.4%) surfaces were the 
most common ground-surface conditions worked on. During a typical 8-12-hour shift, the 
participants spent the most time walking and minimal time sitting (see Figure 5). 
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2.3.2 Foot Problems, Lower Limb Pain History and Orthotic Use 
Foot problems were reported by 55.3% of the participants, with calluses (33.1%), dry skin 
(30.2%) and tinea (12.8%) being the most common complaints.  Most miners reported 
similar levels of foot pain and lower back pain (see Figure 6).  Almost half of the miners 
who answered this question had lower back pain (44.5%) and foot pain (42.3%), and 
almost a quarter had knee pain (21.5%) and ankle pain (24.9%).  Of the miners who 
reported having foot pain, over half said the foot pain occurred ‘often’ to 
 
 
Figure 4:  Current main working roles or tasks reported to be undertaken by the 




















Figure 5:  Number of hours participants spent walking, standing and sitting during a 
typical 8-12 hour shift (n = 288).  
 
‘occasionally’ (68.8%).  This was similar to ankle pain where 57.9% of miners who had 
ankle pain said it occurred ‘occasionally’ to ‘often’.  Of those who listed foot and/or ankle 
pain, over half (62.3%) believed the pain was related to their mining work boots.  The 
most common locations on the foot indicated as causing pain are presented in Figure 7.  
Although 17.3% of participants had previously been prescribed orthotics by a health 
professional, only 6.7% currently wore orthotic devices. 
2.3.2.1 Foot problems and lower limb pain related to job details and, comfort and fit 
ratings 
 
Significant associations (p < 0.05) were found between the occurrence of foot problems 
and lower limb pain and the main surface type the miners worked on (see Table 1) and 




































                  Chapter 2 
19 
 
2.3.3 Work Footwear Habits and Work Footwear Fit and Comfort 
The gumboot was the most popular boot worn by the participants (66.3%), followed by 
the leather lace-up boot (32.5%).  A small percentage of participants purchased their own 
work boots but their employer provided most (83.8%) of the work boots.  More than 
three-quarters of the participants (82.4%) indicated a mining work boot fit rating of 
‘reasonable’ to ‘good’.  The ratings of comfort, however, were not as clustered with 
18.1% of the participants rating their mining work boots as ‘uncomfortable’, 38.5% as 
‘indifferent’ and 37.7% as ‘comfortable’.  The main features participants did not like 
about their current mining work boots are displayed in Figure 8.  The preferred fastening 
method of an ideal underground coal mining work boot was non-fastening (i.e. slip-on; 
62.9%) or zipper (31.1%) and the boot features that the participants reported would make 
an ideal work boot more comfortable are displayed in Figure 9. 
 
 
Figure 6:  Number of participants who reported having lower limb or back pain (n = 



































Figure 7:  Specific locations of pain marked on a foot picture by the participants who 
reported having foot pain (n = 182).  
 
Table 1:  Significant associations between specific surfaces and foot problems and 
lower limb pain (Chi-squared results). 
 
Surface Foot Problems and Lower Limb Pain 
Hard More likely dry skin (2 = 4.9, p < 0.05) and heel pain (2 = 4.1, p < 0.05) 
Wet/slippery More likely ball of foot pain (2 = 3.2, p < 0.05) 
Muddy More likely foot pain (2 = 6.9, p < 0.05) 
Dirt More likely foot pain (2 = 4.3, p < 0.05) and hip pain (2 = 3.8, p < 0.05) 
Flat Less likely knee pain (2 = 4.6, p < 0.05) 
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Table 2:  Significant associations between specific working roles and foot problems 
and lower limb pain (Chi-squared results). 
 
Working Role Foot Problems and Lower Limb Pain 
Belt Walker More likely to have foot problems (2 = 4.9, p < 0.05) 
Desk Work Less likely to have foot problems (2 = 7.1, p < 0.05) 
Walking More likely to have calluses (2 = 4.3, p < 0.05), hammer toes (2 = 6.1, p < 
0.05) and Achilles pain (2 = 6.8, p < 0.05) 
Standing More likely to have pain where the foot meets the leg (2 = 40, p < 0.05) 
Supervisor More likely to have rashes (2 = 7.3, p < 0.05), spurs (2 = 7.3, p < 0.05) and 
knee pain (2 = 5.8, p < 0.05) 
Electrician More likely to have blisters (2 = 5.6, p < 0.05) and arch pain (2 = 4.5, p < 
0.05) 
Gas Drainer More likely to have cuboid (2 = 21.5, p < 0.05) and navicular pain (2 = 24.7, p 
< 0.05) 
Heavy Lifting More likely to have foot pain (2 = 7.9, p = <0.05) 
 
2.3.3.1 Work footwear habits and work footwear fit and comfort related to foot problems, 
lower limb pain history and job details 
 
 
Participants who had hip pain were more likely to rate their work boot fit as ‘very poor’, 
‘poor’ and ‘reasonable’ (2 = 11.9, p < 0.05), whereas those with foot pain were more 
likely to rate comfort as ‘uncomfortable’ to ‘indifferent’ (2 = 18.4, p < 0.001).  The 
presence of calluses made fit ratings of ‘poor’ to ‘reasonable’ more likely (2 = 11.4, p < 
0.05) and ratings of comfort more likely to be ‘uncomfortable’ to ‘indifferent’ (2 = 11, p 
< 0.05).  Participants with swollen feet were more likely to rate their boot fit as ‘poor’ (2 
= 11.4, p < 0.05) and their boot comfort as ‘uncomfortable’ (2 = 9.9, p < 0.05). 
Irrespective of mine site (Dendrobium or West Cliff) the top listed mining work 
boot features required for an ideal boot remained the same; waterproof (40%, 33.8%, 
respectively) and provide ankle support (18.9%, 16.9%; 2 = 12.1, p = 0.28).  This finding 
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was despite environmental differences between the two mines, with Dendrobium workers 
more likely to list working on muddy (2 = 12.4, p < 0.001) and uneven (2 = 7.6, p < 
0.05) surfaces and West Cliff miners more likely to work on dry (2 = 14.6, p < 0.001), 
hard (2 = 5, p < 0.05) and flat (2 = 4.1, p < 0.05) surfaces. 
 




Figure 9:  Participants’ preferred design features to make an ideal boot more 























































Foot problems, lower limb and lower back pain and boot discomfort previously reported 
by underground coal miners suggest that, historically, mining work boots were not 
meeting the demands of the job or the satisfaction of coal miners.  As previous studies 
examining underground coal mining work boots were conducted more than a decade ago, 
it remained unknown whether work tasks, environmental demands or work boots had 
improved during that time period.  This study therefore explored whether current mining 
work boots were meeting the work-related requirements of underground coal mining.  The 
findings of the present study demonstrate that underground coal miners still report a 
multitude of foot problems and lower limb and lower back pain, indicating that their work 
boots continue to be problematic.  The implications of these results are discussed below. 
Underground coal miners are required to remain on their feet for most of their 
shift, whether this is standing or walking, and they work on surfaces that are uneven, wet 
and muddy (Marr, 1999).  Despite the introduction of more advanced mining equipment 
(personal communication with industry, March 2016), the findings of this study revealed 
that the working roles and environmental conditions in underground coal mining have 
remained virtually unchanged since the last underground coal mining surveys (Marr, 
1999, Smith et al., 1999).  Lower back pain was still the highest rated pain experienced 
in this present study with almost half the miners reporting this pain (44.5%); an increased 
incidence of 10% compared to the 34% of participants who reported lower back stiffness 
in Marr’s (1999) study. 
Different surfaces and working roles are associated with different risk factors for 
foot problems and lower limb pain.  For example, working on muddy and dirt surfaces 
increased a miner’s likelihood of reporting foot pain and hip pain, whereas dry skin and 
heel pain were more likely to be reported by participants who worked on hard ground and 
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ball of foot pain more likely when working on slippery/wet surfaces.  Although working 
on dry and flat surfaces decreased a miner’s likelihood of developing foot problems and 
knee pain, realistically underground coal mining work cannot be limited to dry and flat 
surfaces.  Similarly, foot pain was more common if a miner performed heavy lifting as a 
main working role and pain where the foot meets the leg was associated with standing.  
Belt walkers, a job requiring continuous walking, were more likely to have foot problems, 
whereas desk workers, who are predominantly sitting, were less likely to have foot 
problems.  As underground coal mining is an occupation that predominantly requires 
workers to perform physically demanding tasks while standing or walking, further 
research is needed to investigate ways to minimise foot problems and lower limb pain 
under specific working conditions. 
Work boots have the potential to alter foot movement and therefore affect the 
occurrence of foot problems and lower limb pain (Böhm and Hösl, 2010, Smith et al., 
1999, Neely, 1998, Hamill and Bensel, 1996).  However, underground coal miners still 
believe their mining work boots are not meeting the physical demands placed on their 
feet/ankles while working, leading to pain.  Previously, 56.5% of injured workers were 
not satisfied with their mining work boots and 53.4% thought their boots contributed to 
their lower limb injuries (Smith et al., 1999).  Over half (56.7%) of the underground 
miners in the current study who reported foot and/or ankle pain believed this pain was 
related to their mining work boots, a figure that has not improved since the last surveys 
conducted in 1999 (Smith et al., 1999, Marr, 1999).  Furthermore, working roles that 
require continuous walking combined with crouching down to examine and/or adjust 
machinery (e.g. supervisor, gas drainer and electrician) were also associated with specific 
foot problems.  Problems such as rashes, spurs, blisters and cuboid, navicular and arch 
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pain indicate current work boots are not correctly supporting the feet of the miners and 
not fitting the shape of their feet. 
Previously, 46.3% of underground coal miners listed poor support as a limitation 
of their mining work boots (Marr, 1999) and a further 65.3% specifically listed inadequate 
ankle support (Smith et al., 1999).  Participants in the current study were still dissatisfied 
with the amount of support provided by their mining work boots, with not enough support 
identified as the second most common disliked design feature.  A work boot that does not 
provide adequate ankle support, and limits inversion and rotation of the ankle, is likely to 
increase the risk of ankle sprain (Barrett and Bilisko, 1995).  Furthermore, abnormal 
rotation at the ankle can also increase injury risk at more proximal joints of the lower limb 
(Neely, 1998).  In the current study the high incidence of ankle, knee and hip pain supports 
the notion current underground coal mining work boots are not providing sufficient 
support to the lower limb while underground coal miners are working and, as a 
consequence, resulting in lower limb pain. 
In addition to lack of ankle support, over half (52.1%) of the 1999 cohort reported 
their underground coal mining work boots did not fit properly, particularly in regards to 
width and length (Smith et al., 1999, Marr, 1999).  Furthermore, 41.3% said their feet slid 
inside their boots (Smith et al., 1999, Marr, 1999).  Results of the current study indicate 
an improvement in fit has occurred with 83.8% of underground coal miners now rating 
their mining work boot fit as ‘reasonable’ to ‘good’.  The introduction of a leather lace-
up boot (hypothesised to provide a better fitting underground coal mining work boot 
compared to a gumboot) was the main difference in footwear between the current study 
and previous studies (Smith et al., 1999, Marr, 1999).  Improvements in boot fit ratings 
compared to 1999 appear to be due to the option for underground coal miners to now 
wear leather lace-up boots (personal communication with indurstry, March 2016).  The 
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same explanation seems to underpin the variation in comfort ratings observed between 
the current study and previous research.  For example, ankle support was rated as the 
second priority in an ideal boot by the miners, hence it is expected a boot that provides 
more ankle support would improve comfort ratings.  In 1999, 56.5% of underground coal 
miners were dissatisifed with their current mining boots, over two thirds (71.4%) wanted 
them changed and 38% found them uncomfortable (Smith et al., 1999, Marr, 1999).  Now, 
only 18.1% of underground coal miners considered their work boots ‘uncomfortable’ and 
in fact, 37.7% rated their boots as ‘comfortable’.  This notion of comparing gumboot 
wearers to leather lace-up boot wearers to conclude whether the introduction of the leather 
lace-up boot has indeed caused these observed improvements in ratings of fit and comfort 
is explored in more detail in Chapter 3. 
Ahead of ankle support, waterproofing was the main design feature participants 
in the present study listed as first priority in an ideal boot.  In contrast, hot/sweaty was 
the main dislike participants had with their current work boots.  These results were 
regardless of whether miners worked in a ‘wet’ mine (i.e. Dendrobium) or a ‘dry’ mine 
(i.e. West Cliff).  Tinea growth and dry skin, two of the most common foot problems 
reported in the present study, are caused by constant exposure to moisture (Habif, 2011), 
indicating that excess moisture within work boots is an issue faced in both mines.  The 
similarity in these results reported by participants from both Dendrobium and West Cliff 
miners indicate contact with water is not the sole explanation for the issue of excess 
moisture within the work boots.  Overheating and poor ventilation also appeared to be 
playing a role in excess moisture inside the boot.  Ensuring a work boot is waterproof but 
still allows ventilation without resulting in overheating is a difficult task.  Nevertheless, 
recent advancements in materials should be considered in future boot designs to cater for 
moisture management.  Participants also specified they would prefer a slip-on mining 
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work boot.  This means boot fastening designs other than laces should also be investigated 
as a way to create a mining work boot that is tight enough to prevent water entry into the 
boot and provide adequate ankle support, but can be easily put on and taken off the foot.   
Overall, in support of the hypothesis, underground coal miners still have a high 
incidence of foot problems and lower limb pain, and still believe their work boots do not 
provide enough support and contribute to their lower limb pain.  Contrary to our 
hypothesis, however, the underground coal miners were satisfied with the fit of their boots 
and comfort ratings have improved.  Different working roles and environments resulted 
in differences in the incidence of foot problems, lower limb pain and comfort scores, 
confirming that one boot design cannot meet all the work-related requirements of 
underground coal miners.  Future research is therefore needed to investigate the 
interaction of a variety of boot designs across the different underground mine surfaces 
and the different tasks miners perform.  Such an investigation could identify key boot 
design features that are likely to minimise foot problems and lower limb pain under 
specific conditions.  This, in turn, will allow a series of boots to be made that cater for the 
variety of different work-related requirements of underground coal miners and improve 
worker comfort and satisfaction.   
2.4.1 Limitations 
As with any survey, there are limitations of the current study that should be 
acknowledged.  The accuracy of self-reported measures, presence of the research team, 
errors due to non-responses and validity differences between open and closed questions 
were all limitations to the current survey.  Given this study was compared to similar 
surveys conducted on the same demographics under similar conditions we believe the 
impact of these limitations on the study findings was minimal.  The open-ended question 
asking a miner to describe their current main working role also provided a mix of specific 
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job titles and actions performed as responses.  This created substantial overlap; for 
example, a fitter can do heavy lifting, machine operation and walking.  Therefore, it was 
not possible to determine whether specific working roles had higher risks for specific foot 
problems and lower limb pain. 
2.5 Conclusions 
Underground coal miners are required to remain on their feet for long periods of time, 
perform tasks of a physical nature and work on challenging surfaces that are muddy, 
uneven and slippery/wet.  Current mining work boots do not appear to be meeting the 
requirements of the underground coal miners who work in this challenging environment.  
This is evident in the high incidence of foot problems and lower limb pain reported by 
the underground coal miners surveyed in this study.  More importantly, the miners believe 
their work boots are contributing to the pain they experience.  The introduction of a 
different boot type, a leather lace-up boot, which was designed to be tighter fitting and 
have a stiffer shaft compared to a gumboot, provides a likely explanation for the 
improvements in fit and comfort ratings compared to previous research.  However, this 
concept requires further exploration via a direct comparison between coal miners who 
wear gumboots and those who wear leather lace-up boots.  Further investigation into the 
influence that different boot design features have on how underground coal miners 
perform typical working tasks is therefore paramount to be able to design a work boot 
that can reduce this high incidence of foot problems and lower limb pain experienced, as 
well as providing a boot that the miners find comfortable. 






Effect of work boot type on work footwear habits, lower limb 
pain and perceptions of work boot fit and comfort in 
underground coal miners 
 
This chapter is an amended version of the published manuscript: Dobson, J.A., Riddiford-
Harland, D.L., Bell, A.F. & Steele, J.R.  2017. Effect of work boot type on work footwear 
habits, lower limb pain and perceptions of work boot fit and comfort in underground coal 
miners. Applied Ergonomics, 60, 146-153. 
Abstract 
Lower limb injuries are highly prevalent in underground coal mining.  Wearing gumboots 
with inadequate ankle support was thought to contribute to these injuries.  The 
introduction of a different boot type after 1999, a leather lace-up boot, which was 
designed to be tighter fitting and have a stiffer shaft compared to a gumboot, may have 
improved recent fit and comfort ratings compared to research conducted in 1999.  
However, a specific boot type comparison was not performed.  Consequently, this study 
aimed to determine whether boot type (gumboot, leather lace-up boot) influenced work 
footwear habits, foot problems, lower limb and lower back pain, or perceptions of work 
boot fit and comfort in underground coal miners.  Chi-squared tests were applied to 358 
surveys completed by underground coal miners to determine whether responses differed 
significantly (p < 0.05) according to boot-type.  There were no significant between-boot 
differences in regards to the presence of foot problems or lower limb and lower back pain.  
However, the types of foot problems and locations of foot pain differed according to boot 
  Chapter 3 
30 
 
type.  Gumboot wearers were also more likely to state that their work boot comfort was 
either ‘uncomfortable’ or ‘indifferent’, their work boot fit was ‘poor’ and their current 
boot did not provide enough support.  The introduction of more structured leather lace-up 
boots appears to have positively influenced the support and fit provided by mining work 
boots, although foot problems, lower limb pain and lower back pain continue to be 
reported.  Further investigation is recommended to identify which specific boot design 
features caused these observed differences in work boot fit, comfort and locations of foot 
pain and how these design features can be manipulated to create an underground coal 
mining work boot that is comfortable and reduces the high incidence of foot problems 
and lower limb pain suffered by underground coal miners.   
3.1 Introduction 
During a typical 8-hour shift, underground coal miners spend most of their time standing 
and walking on challenging surfaces that are uneven, wet and unstable (Marr, 1999; see 
Chapter 2).  As a result, lower limb injuries are highly prevalent with sprains and strains 
accounting for over half of all WorkCover claims annually (WorkCover NSW, 2010).  Of 
these sprain/strain related lower limb injuries, 49.2% occur at the knee and 36.5% occur 
at the ankle (Smith et al., 1999).  An unstructured gumboot that lacked ankle support and 
allowed too much foot movement within the boot was thought to explain this high lower 
limb injury incidence in the coal mining industry (Marr, 1999, Smith et al., 1999).  Indeed, 
a report to the Joint Coal Board Health and Safety Trust (Smith et al., 1999) revealed that 
almost 40% of miners who sustained lower limb injuries identified their mining work 
boots as the main contributing factor to these injuries. 
Underground coal miners (n = 400, aged 20-70 years) who habitually wore 
gumboots reported excessive foot movement within their work boot and a lack of ankle 
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support (Marr, 1999).  Of the miners surveyed, 41% reported their feet slid within their 
work boot, 46% stated that their ankle did not feel stable and 35.5% felt unstable when 
walking on uneven ground.  Marr (1999) suggested the inability of gumboots to stabilise 
the foot within the boot also contributed to the high incidence of calluses (48%) and lower 
back stiffness (34%) reported by coal miners.  These findings are consistent with the 
results of a survey of 589 miners in which insufficient ankle support (63.5%) and 
inadequate boot fit (52.1%) were cited as the two main reasons miners thought their 
gumboots contributed to their lower limb injuries (Smith et al., 1999).  Consequently, 
71.4% of the miners wanted their work boots changed (Smith et al., 1999). 
Based on this previous research (Smith et al., 1999, Marr, 1999), leather lace-up 
boots were introduced as a work boot option for underground coal miners, providing them 
with an alternative that delivered a tighter fit and more ankle support than gumboots.  Due 
to variations in the materials that a gumboot and leather lace-up boot are made out of, 
they substantially differ structurally, particularly in regards to shaft stiffness (upper part 
of the boot; see Figure 10 and Table 3).  It was hypothesised that introducing a mining 
work boot with a stiffer shaft that provided a tighter fit and more support around the 
ankle/shank would improve the miners’ perceptions of comfort and stability while 
minimising lost time at work due to injury (including lower back, hip, knee, ankle and 
foot injury; Marr, 1999).  Previous research has shown that increased proprioception 
acuity and trends towards more active ankle stiffness have resulted when circumferential 
pressure was applied to the ankle, although this was applied using a blood pressure cuff 
and it is unknown whether a boot shaft pressing against the shank would yield the same 
result (You et al., 2004).  Nevertheless, differences in boot shaft design have been shown 
to limit lower limb motion and, consequently, lower limb pain (Böhm and Hösl, 2010, 
Jefferson, 2013).  The literature, however, is inconclusive and it is unknown whether a 
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tighter fit due to a stiffer shaft is in fact beneficial in regards to reducing lower limb pain 
occurrence.   
Manipulation of shaft stiffness in hiking boots (Böhm and Hösl, 2010, Cikajlo and 
Matjacić, 2007), military boots (Hamill and Bensel, 1996), work boots (Simeonov et al., 
2008), basketball boots (Robinson et al., 1986), ski boots (Noé et al., 2009) and 
snowboarding boots (Delorme, 2004) has been found to significantly alter ankle range of 
motion.  That is, a more flexible shaft has been shown to increase ankle range of motion 
during walking and a stiffer shaft can reduce it.  The amount of ankle range of motion 
allowed by a boot shaft appears crucial to both efficient walking biomechanics, as well 
as reducing lower limb injury occurrence.  Although adequate ankle range of motion is 
vital to efficient gait, excessive ankle motion is problematic because it causes the joint to 
rely on secondary anatomical structures, such as the muscles and ligaments, for support 
(Böhm and Hösl, 2010, Hamill and Bensel, 1996), increasing the risk of lower limb 
sprain/strain injuries (Neely, 1998).  Conversely, there is relatively strong evidence 
suggesting that restricted ankle joint motion during walking can have negative 
implications for the more proximal joints of the lower limb, such as the knee or hip (Böhm 
and Hösl, 2010, Horak and Nashner, 1986).  For example, a lace-up hiking boot, with 
50% more passive shaft stiffness, decreased eccentric energy absorption at the ankle joint 
while simultaneously increasing eccentric energy absorption at the knee joint, indicating 
that when the ankle joint’s ability to absorb the ground reaction force is impaired, the 
knee joint has to compensate (Böhm and Hösl, 2010).  Therefore, although the leather 
lace-up boot with its stiffer shaft might positively impact the ankle by providing more 
support, it could potentially have negative implications for the knee and more proximal 
joints by restricting normal ankle motion and causing compensations further up the lower 
limb chain. 
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In a recent survey that provided a general overview of whether underground coal 
mining work boots were meeting worker requirements compared to 1999, improvements 
in fit and comfort ratings were reported (see Chapter 2).  The introduction of a leather 
lace-up boot, which was designed to be tighter fitting and have a stiffer shaft compared 
to a gumboot, provided a likely explanation for the improvements in fit and comfort 
ratings compared to previous research, although a direct comparison of the different boot 
types was not performed (see Chapter 2).  Given the gap in the current literature, the aim 
of this study was to determine whether boot type (gumboot versus leather lace-up boot) 
influenced self-reported work footwear habits, lower limb and lower back pain, or 
perceptions of fit and comfort in underground coal miners.  It was hypothesised that 
miners who wore leather lace-up boots would report more ankle support, fewer foot 
problems, less pain and improved comfort and fit ratings when compared to gumboot 
wearers.  However, due to restricted ankle motion, leather lace-up boot wearers would 
report more knee and hip pain compared to gumboot wearers. 
3.2 Methods 
3.2.1 Participants and Survey Implementation 
Three hundred and fifty-eight underground coal miners (n = 355 men and 3 women; age 
= 39.1 ± 10.7 years; height = 1.78 ± 0.31 m; mass = 92.1 ± 13.7 kg) employed by Illawarra 
Coal at the Dendrobium and West Cliff sites (NSW, Australia) volunteered to complete a 
survey, which collected job details, work boot habits, foot problems and lower limb pain 
history, boot likes/dislikes and ideal boot preferences.  Underground coal mining remains 
a male dominated occupation with workers generally being middle aged (personal 
communication with industry, March 2016).  Over half of the participants had worked 
underground (54.8%) and performed their current working role (52.6%), between 3 and 
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10 years.  Nearly a fifth had worked underground for over 16 years (18.8%).  The most 
common mining work boot sizes worn were sizes 8-12 with 90% of participants falling 
within this range.  Surveys were handed out to the participants at scheduled work health 
and safety meetings and training days or immediately prior to commencing a shift at the 
mines.  The participants completed the survey under the guidance of the research team, 
who clarified any questions the participants had and ensured all questions were 
completed.  All 358 participants who volunteered to fill out the survey completed it. 
 
 
Figure 10:  The two different underground coal mining work boots provided by 
Illawarra Coal (NSW, Australia) at the time of the study.  A: Gumboot 
(Blundstone®, Australia) and B: Leather lace-up boot (Oliver, Australia). 
 
 
Participants were divided into two groups for analysis based on whether they 
chose to wear the employer-provided gumboot (n = 219 men and 3 women; age = 38 ± 
9.8 years; height = 1.77 ± 0.67 m; mass = 91.6 ± 13.8 kg) or the other mandatory boot 
option of the leather lace-up boot (n = 109 men; age = 37.8 ± 10.1 years; height = 1.78 ± 
0.63 m; mass = 92.6 ± 14.9 kg; see Figure 1 and Table 1).  Those who did not answer the 
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Table 3: Characteristics of two different underground coal mining work boots 
provided at Illawarra Coal; gumboot (Style 015; Blundstone®, Australia) 
and leather lace-up boot (Style 65-691; Oliver, Australia). 
 
Variable Gumboot Leather Lace-Up Boot 
Mass (kg)* 2.7 3.1 
Shaft Height (cm)* 37.5 35 
Heel Height (cm)* 3.2 4.2 
Materials PVC/nitrile rubber (resistant 
to chemical, oil and acid) 
Full grain (hide hasn’t been 
sanded, buffed or snuffed) 
water resistant leather 
Fastening Method Nil: Slip-on Laces 
External Waterproofing Waterproof Water resistant 
Internal Lining Plush knitted mesh SympaTex (SympaTex 
Technologies, GmbH) fabric 
(waterproof, windproof and 
breathable membrane) 
Foot Bed Soft polyurethane, covered 
with a full-length cushion of 
foam polyurethane, topped 
with a mesh cover 
Combination of cellular 
urethane and PORON® 
urethane 
Sole Combination of PVC/nitrile 
rubber and PORON®xRDTM 
material 
Low density polyurethane 
Toe Cap Type 1 (heavy work 
environment) steel 
High carbon steel with a latex 
cap liner 
Sizes Available AU 4-13 
Wide fit to accommodate 
broad feet 
AU 5-14, 6.5-10.5 
*Averaged across the five most common boot sizes (8-12). 
 
3.2.2  Survey Design, Development and Implementation 
The design of the survey was based on previously validated surveys that had investigated 
underground coal mining work boots (Marr and Quine, 1993, Marr, 1999, Smith et al., 
1999) and modified after discussions with coal mining industry representatives.  The 
survey was trialled by 15 participants (age = 18 - 40 years) to ensure questions were 
readily understood. 
  Chapter 3 
36 
 
The final survey instrument included 54 items (15 closed-ended and 39 open-
ended items), divided into six sections that sought information pertaining to the 
underground coal miners’ job details; work footwear habits; foot problems and lower limb 
pain history; low back pain; orthotic use, work footwear fit and comfort; and foot and 
footwear knowledge.  The University of Wollongong Human Research Ethics Committee 
(HE11/198) provided approval of the survey content and administration procedures.  The 
specific variables investigated in this study are described below. 
3.2.3 Analytical Variables 
3.2.3.1 Work footwear habits 
To determine the participants’ footwear preferences open-ended questions ‘what is your 
current mining footwear’ and ‘what don’t you like about your current work footwear’, as 
well as a closed-ended question identifying preferred boot features were used. 
3.2.3.2 Foot problems, lower limb and lower back pain history 
Close-ended questions were used to determine current foot problems reported by the 
participants and whether a participant had foot, ankle and/or any other pain (lower back, 
knee and hip).  From a list, participants circled any problems/pain they had or circled ‘no’ 
if they did not have any current problems/pain.  A five-point Likert scale asked 
participants to elaborate on how often they experienced foot and/or ankle pain (1 ‘rarely’ 
to 5 ‘always’) and an image of the foot was provided for participants to mark specific 
pain locations.  Finally, a close-ended question asked participants to circle ‘yes’ or ‘no’ in 
regards to whether they believed any foot pain they experienced was related to their work 
footwear. 
3.2.3.3 Work footwear fit and comfort 
Overall work footwear fit (1 ‘very poor’ to 5 ‘very good’) and comfort (1 ‘very 
uncomfortable’ to 5 ‘very comfortable’) were determined via markings on a five-point 
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Likert scale.  Participants then ranked 11 boot design features (1 being most important) 
they believed would enhance the comfort of an ideal work footwear.  Two open-ended 
questions ‘what is your everyday shoe size’ and ‘what is your current work footwear size’, 
then recorded the participants’ shoe sizes. 
3.2.4 Survey Analysis 
3.2.4.1 Descriptive analysis 
Descriptive statistics were calculated after coding and counting the close-ended item 
responses.  Thematic analysis was used to calculate response frequencies to open-ended 
questions.  Non-responses, multiple answer selection or when questions did not require 
an answer from all participants caused variations in the number of responses.  Only data 
for participants who provided a response to that question were analysed. 
3.2.4.2 Relationship analysis 
Chi-squared tests were applied to data related to work footwear habits, foot problems, 
lower limb and lower back pain history and work footwear fit and comfort.  The purpose 
of this statistical design was to determine whether the participants’ lower limb pain and 
perceptions of fit and comfort differed significantly (p < 0.05) based on boot type worn 
(gumboot, leather lace-up boot; SPSS Version 21, USA).   
3.3 Results 
3.3.1 Work Footwear Habits 
Leather lace-up boot wearers were more likely to select fit - length (2 = 23.75, p < 0.001), 
fit - width (2 = 12.87, p < 0.05), ankle support (2 = 128.12, p < 0.001), comfortable (2 
= 100.08, p < 0.001), flexible (2 = 8.44, p < 0.05), fastening method (2 = 10.65, p < 
0.05), grip (2 = 8.6, p < 0.05) and breathable (2 = 21.1, p < 0.001) as preferred features 
of their current work boot (see Figure 11).  Conversely, gumboot wearers were more 
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likely to select waterproof (2 = 7.07, p < 0.05) and only option available (2 = 29.8, p < 
0.001) as why they preferred their current work boot (see Figure 11). 
In regards to what underground coal miners did not like about their current work 
boot, those who wore a leather lace-up boot were more likely to select boot gets wet (2 
= 14.95, p < 0.05), shrinks (2 = 27.2, p < 0.001) and hard to get on/off (2 = 9.4, p < 0.05; 
see Figure 12).  In contrast, gumboot wearers were more likely to select hot/sweaty (2 = 
10.8, p < 0.05) and no support (2 = 26.95, p < 0.001) as what they did not like about their 
current work boot (see Figure 12).   
 
 
Figure 11:  Factors participants preferred about their current mining work boots based 
on work boot worn (gumboot or leather lace-up boot; n = 323).                   















































Figure 12:  Factors participants did not like about their current mining work boots 
based on work boot worn (gumboot or leather lace-up boot; n = 276).       
                       * indicates a significant difference between boots (p < 0.05). 
3.3.2 Foot Problems, Lower Limb and Lower Back Pain History 
There was no significant difference between the gumboot wearers compared to the leather 
lace-up boot wearers in regards to the reported presence of lower back pain (2 = 2.76, p 
= 0.25), hip pain (2 = 0.62, p = 0.73), knee pain (2 = 1.15, p = 0.56), ankle pain (2 = 
1.04, p = 0.60) or foot pain (2 = 1.9, p = 0.38; see Figure 13).  The existence of foot 
problems also did not differ significantly between wearers of the two boot types (2 = 
0.88, p = 0.65).  However, of those who reported having a foot problem and/or foot pain, 
there were significant differences between the gumboot and leather lace-up boot wearers 
in regards to the type and location of the foot problems and pain (see Figure 14).  
Furthermore, of those participants who reported having ankle pain, leather lace-up boot 
wearers were more likely to report it occurred ‘rarely’ (55.3% vs 24.7%) compared to 
gumboot wearers who were more likely to report their ankle pain as occurring 








































Figure 13:  Reported pain incidence based on work boot worn (gumboot or leather 
























Figure 14:  Specific pain locations and foot problems based on the work boots 
participants reported they were more likely to occur in (percentage of 
responses; Chi-squared result; n = 159 foot problems and n = 136 foot pain 






































  Gumboot              Leather Lace-Up Boot 
Heel pain 
 
(53.2% vs 31.1%;  
2 = 7.18,             
p = 0.028) 
Sole pain 
 
(6.4% vs 3.3%;  
2 = 10.14,       
p = 0.006) 
Navicular pain 
 
(10.6% vs 1.6%;  
2 = 7.09,             
p = 0.029) 
Bunions 
 
(5.6% vs 2.9%;  
2 = 6.72,        
p = 0.035) 
Corns 
 
(9.3% vs 1.0%;  
2 = 6.78,          
p = 0.034) 
Arch pain 
 
(17.2% vs 4.3%;  
2 = 6.89,           




(28.1% vs 10.6%;  
2 = 6.44, p = 0.040) 
Ball of the foot pain 
 
(24.6% vs 8.5%;  
2 = 12.87,            
p = 0.002) 
Cuboid pain 
 
(14.9% vs 0.8%;  
2 = 15.17,         
p = 0.001) 
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There was no significant difference between gumboot wearers and leather lace-up 
boot wearers in whether they experienced calluses (2 = 3.12, p = 0.21) or blisters (2 = 
3.12, p = 0.21).  Furthermore, there was no significant difference between gumboot 
wearers and leather lace-up boot wearers in whether they thought their work boots 
contributed to their foot pain (2 = 2.30, p = 0.22). 
3.3.3 Work Footwear Fit and Comfort  
Comparing responses from participants who wore gumboots versus leather lace-up boots 
revealed significant differences in regards to ratings of mining work boot fit (2 = 42.29, 
p < 0.001; see Figure 15) and comfort (2 = 57.72, p < 0.001; see Figure 16).  Participants 
who wore gumboots, compared to leather lace-up boots, stated the fit of their mining work 
boots was ‘poor’ (14.5 vs 3.6%; see Figure 15) and their mining work boot comfort was 
either ‘uncomfortable’ (24.9% vs 4.6%) or ‘indifferent’ (45.0% vs 25.7%; see Figure 16).  
Conversely, leather lace-up boot wearers were more likely to rate their mining work boot 
comfort as ‘comfortable’ compared to gumboot wearers (59.6% vs 27.1%; see Figure 16).  
Leather lace-up boot wearers were more likely to select a work boot that was larger than 
their everyday shoe size (40.0% vs 27.1%; 2 = 17.21, p < 0.05) compared to gumboot 
wearers, who were more likely to select a smaller sized work boot (29.4% vs 10.0%). 
There was no significant difference between what gumboot wearers and leather 
lace-up boot wearers selected as their first (2 = 20.36, p = 0.44) or second (2 = 10.98, p 
= 0.90) choices in regards to what design features would make an ideal work boot more 
comfortable.  Waterproofing was the most common first choice and ankle support the 
most common second choice across the responses from wearers of both boots type. 




Figure 15:  Mining work boot fit ratings based on work boot worn (gumboot or leather 
lace-up boot; n = 329).  * indicates a significant difference between boots 
(p < 0.001). 
 
 
Figure 16:  Mining work boot comfort ratings based on work boot worn (gumboot or 
leather lace-up boot; n = 329).  * indicates a significant difference between 

















































































Over a decade ago leather lace-up boots, which had greater ankle support than gumboots, 
were made available for underground coal miners in an attempt to reduce the high 
incidence of lower limb injuries.  As no research could be found investigating whether 
this more fitted and supportive work boot affected coal miners’ lower limb pain or 
perceptions of fit and comfort, this study investigated whether boot type (gumboot versus 
leather lace-up boot) influenced self-reported work footwear habits, lower limb and lower 
back pain and perceptions of fit and comfort in underground coal miners.  Results of the 
present study revealed that although leather lace-up boots positively influenced coal 
miners’ perceptions of support and fit provided by their mining work boots, lower back 
pain, foot pain and calluses are still frequently report by underground coal miners, 
irrespective of boot type.  The implications of these findings are discussed below. 
Prior to the availability of leather lace-up boots, 46.3% of underground coal 
miners listed poor support as a limitation of their current mining work boots (Marr, 1999), 
with 65.3% specifically listing inadequate ankle support as the limitation (Smith et al., 
1999).  A work boot that does not provide adequate support to limit excessive inversion 
and rotation of the ankle is likely to increase the risk of ankle sprain (Barrett and Bilisko, 
1995).  In support of our hypothesis, gumboot wearers were more likely to report their 
boots as providing inadequate support and leather lace-up boot wearers were more likely 
to list ‘ankle support’ as a feature they preferred about their current work boots.  Leather 
lace-up boot wearers were also more satisfied with the comfort of their underground coal 
mining work boots when compared to gumboot wearers.  Regardless of what boot 
underground coal miners wore, participants prioritised ankle support as a design feature 
required to make an ideal boot comfortable.  It is therefore likely that ankle support 
substantially influenced the difference in comfort ratings between the two boots.  
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However, further research is needed to confirm this theory as the underground coal miners 
in this current study were not directly asked to rate their perceived ankle support. 
Differences in ventilation might also explain the variance in boot comfort ratings 
with leather lace-up boot wearers preferring the breathability provided by their boots and 
gumboot wearers disliking their boot because it was hot/sweaty.  Differences in 
ventilation, however, appeared to be a trade-off in regards to waterproofing.  Because 
waterproofing was the first design feature recommended to make an ideal comfortable 
boot, leather lace-up boot ratings of comfort could be improved by ensuring the boots are 
waterproof.  Nevertheless, further research is required to determine what specific design 
features make the leather lace-up boot more comfortable than the gumboot and whether 
this is consistent across different surfaces and working tasks encountered by underground 
coal miners.   
Leather lace-up boots, which are designed to provide more comfort, stability and 
support than a gumboot, were introduced as a means to reduce lower back pain in 
underground coal mining (Marr, 1999).  Contrary to our hypothesis, there was no 
significant difference in the incidence of reported lower back pain between underground 
coal miners who wore leather lace-up boots and those who wore gumboots.  In fact, 
almost half (43%) of the miners, irrespective of work boot type, reported lower back pain, 
an increase compared to the 34% who reported lower back stiffness in 1999 (Marr, 1999).  
It is plausible that the high incidence of lower back pain reported in both studies is due to 
the nature of the working tasks underground coal miners perform and/or the surfaces they 
work on rather than their work boots per se.  For example, in a survey of 322 airline 
assembly workers who were required to operate machinery while standing on hard 
concrete floors, 69.3% of the workers reported having lower back pain within the last 
year (Jefferson, 2013).  The authors were unsure whether lower back pain was due to 
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working on hard concrete floors, having to maintain a static posture to operate machinery, 
or a combination of the two (Jefferson, 2013).  Machine operation was the most common 
working role reported by underground coal miners in the present survey, with 36.3% of 
the miners reporting that they stand between 4-8 hours each shift (see Chapter 2).  
Therefore, the high incidence of lower back pain reported by underground coal miners 
may be related more to the working task and/or environment rather than design 
differences between leather lace-up boots and gumboots.   
Ankle, knee and hip pain incidence also did not differ significantly when 
comparing gumboot wearers to leather lace-up boot wearers.  In fact, the frequency of 
these pains was similar to the stiffness and injury rates reported by Marr (1999) and Smith 
et al. (1999) over a decade ago.  The current study indicated the increased ankle support 
provided by the leather lace-up boot did not reduce lower limb pain.  Ankle joint motion, 
however, did appear to have some influence on lower limb pain frequency.  That is, of 
those participants who reported ankle pain, leather lace-up boot wearers were more likely 
to report the pain occurred ‘rarely’ whereas gumboot wearers were more likely to report 
their ankle pain occurred ‘occasionally’.  Previous research has highlighted that when 
healthy male participants (29 years of age) wore a lace-up hiking boot with a 50% increase 
in passive shaft stiffness, eccentric energy absorption at the ankle joint was decreased 
(Böhm and Hösl, 2010).  Therefore, it is possible that the tighter leather lace-up boot 
provided more protection to the ankle than the gumboot via restricting ankle joint motion.  
If ankle joint restriction was the mechanism via which this result occurred, it did not have 
any effect on knee pain incidence, which is in contrast to previous findings (Böhm and 
Hösl, 2010).  This result could be due to the unique surfaces and working tasks 
encountered by underground coal miners.  Indeed, the influence of boot shaft alterations 
on ankle motion can vary depending on the surface and task performed.  For example, 
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when male construction workers walked on a level surface, boots with varying shank 
support provided different levels of ankle stability compared to when they walked on an 
elevated, tilted surface (Simeonov et al., 2008).  The authors speculated that this 
unexpected result was caused by an interaction between the higher boot shaft and ankle 
joint when the construction workers walked on the tilted surface, resulting in additional 
moments and lateral forces being generated.  It was suggested that more flex in the boot 
shaft might dampened the generation of additional moments and lateral forces when the 
boot was tilted at an angle, i.e. when walking on a sloped surface, so that it would not 
have such a direct impact on ankle joint motion (Simeonov et al., 2008).  Therefore, a 
better understanding of how much ankle support is required to allow pain free lower limb 
motion when walking on specific underground coal mining surfaces while performing 
working tasks is vital when designing comfortable and functional work boots for miners.  
Because the link between ankle joint motion and lower limb pain incidence is purely 
speculative, further research is needed to investigate boot design features that influence 
ankle motion, such as shaft stiffness, and how this affects both comfort and function. 
In contrast to our hypothesis, underground coal miners still reported that their 
work boots contributed to their foot pain while working, despite the option to wear a more 
supportive leather lace-up boot.  Over half (61.2%) of participants who reported foot pain 
believed this pain was related to their mining work boots, an increase since 1999 in which 
53.4% of injured workers previously believed their boots contributed to their lower limb 
injuries (Smith et al., 1999).  It is interesting to note, in the current study, of those 
participants who reported having foot pain, the locations of foot pain differed depending 
on boot type worn.  The design differences between the gumboot and leather lace-up boot 
appear to be uniquely influencing foot motion and, consequently, locations of foot pain. 
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Underground coal miners are required to remain on their feet, either standing or 
walking, throughout most of their work shift (see Chapter 2).  If a work boot does not 
support the longitudinal arch of a miner’s foot, this continued loading could lead to arch 
pain (de Castro et al., 2010).  Furthermore, excessive foot movement inside a work boot 
can increase loading of mediolateral foot structures, such as the lateral malleolus, due to 
mediolateral movements that occur when walking on uneven surfaces (Thies et al., 2007).  
Excessive foot movement within a shoe can also cause significantly higher pressure-time 
integrals under the hallux and toes 2-5 that, over time, are likely to lead to foot pain and 
discomfort (Fiedler et al., 2011).  Therefore, the looser fitting nature of gumboots, the 
tendency to allow more foot movement inside the boot and a lack of support (Marr, 1999, 
Smith et al., 1999) could explain why gumboot wearers were more likely to have arch, 
lateral malleolus and ball of the foot pain compared to their counterparts who wore the 
more structured leather lace-up boots. 
Repetitive loading experienced during prolonged walking is a risk factor for 
cuboid and navicular pain in the foot (Gross and Nunley, 2015, Patterson, 2006).  The 
finding that leather lace-up boot wearers were more likely have pain around the navicular, 
cuboid, sole of the foot and heel indicates that the leather lace-up boot might not be 
providing sufficient cushioning to the plantar surface of the foot (Marr, 1999).  This 
notion is supported by leather lace-up boot wearers being more likely to have corns and 
bunions, which result from increased pressure at concentrated locations of the foot 
(Grouios, 2004).  Therefore, although introducing leather lace-up boots did not change 
the incidence of foot pain, the finding that underground coal miners have different 
locations of foot pain depending on the type of boot they wear indicates work boot design 
features have the potential to influence foot pain incidence.  A better understanding of the 
influence different boot design features have on foot motion when miners perform 
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common working tasks, such as walking and standing, is therefore needed.  Such research 
could help explain why different boot design features are associated with specific 
locations of foot pain and how pain in these locations can be prevented. 
Over half (52.1%) of underground coal miners in previous studies reported their 
gumboots did not fit properly and 41.3% said their feet slid inside their boots (Marr, 1999, 
Smith et al., 1999).  The adjustability of the leather lace-up boot, accommodating 
individual fit preferences, most likely explains the observed improvement in ratings of 
mining work boot fit in the present study.  Indeed, leather lace-up boot wearers were more 
likely to select ‘fastening method’ as something they preferred about their current work 
boots.  A more supportive fit provided by laces, however, appears to have hindered the 
ability to get the boots on/off.  Future research into underground coal mining work boot 
design needs to investigate whether other fastening designs, apart from laces, can be used 
to maintain a firm fit but still enable the boots to be easy to get on/off. 
Improved perceptions of fit in the current study most likely accounted for the 
decrease in reported calluses (33.1%) compared to previous research (48.5%; Marr, 
1999).  However, no significant difference was found in the reported occurrence of 
calluses and blisters between the two boot types.  A possible explanation is that leather 
lace-up boot wearers wore a work boot that was a size bigger than their everyday shoe 
size and gumboot wearers wore a size smaller than their everyday shoe size.  When a boot 
is either too small or too broad the foot is unable to stabilise within the boot, leading to a 
high risk of calluses (Marr, 1999).  With the gumboot being a wider style design and the 
leather lace-up boot a narrower style design, it appears that the wearers of each boot type 
are being forced to compensate boot length to achieve the desired boot width.  In order to 
create a boot that fits comfortably and reduces the high incidence of calluses, further 
studies are needed to investigate the shape of miners’ feet relative to the shape of their 
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underground coal mining work boots to identify possible mismatches.  These mismatches 
can then be used to provide evidence of mining work boot design features that require 
modification to enable the boots to better fit the feet of underground coal miners.  It is 
acknowledged, however, that given the large variation in the size and shape of the feet of 
underground coal miners (see Chapter 4) it is unlikely to be feasible to create a generic 
work boot that would suit the feet of all underground coal miners.  However, it is 
important that future boot designs are based on the foot dimensions of coal miners and 
include design features which allow the miners to perform their work tasks in their unique 
work environment.   
Regardless of which boot an underground coal miner wore, the participants 
reported the same top two design features that they considered would make an ideal work 
boot more comfortable: waterproofing and adequate ankle support.  These results were 
also consistent irrespective of whether an underground coal miner worked in a wet or dry 
mine.  Adequate boot ventilation was also deemed an important boot design feature, 
although achieving both increased ventilation and waterproofing is challenging.  It is 
therefore recommended that boot manufacturers investigate new materials other than the 
traditional rubber and leather in order to design work boots that are waterproof, and 
provide adequate ankle support and ventilation.   
3.4.1 Limitations 
The following limitations of the current study are acknowledged.  Due to the cross-
sectional and retrospective nature of the survey questions, boot design cannot be 
concluded as the sole contributing factor to the observed results.  Also no mechanical 
testing was performed on the boots and differences in their structures were not 
systematically controlled.  Therefore, although it was assumed structural design 
differences between the two underground coal mining work boots caused the observed 
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results, further research with a prospective design should investigate the influence of boot 
design on lower limb function and comfort when coal miners perform working tasks.  The 
accuracy of self-reported measures, presence of the research team, errors due to non-
responses and validity differences between open and closed questions are also 
acknowledged as possible limitations of the survey.  Given this study was compared to 
previous survey results reported by underground coal miners from the same 
demographics under similar conditions, we believe the impact of these limitations is 
minimal.   
3.5 Conclusions 
Compared to a gumboot, the leather lace-up boot, which was introduced in the early 
2000’s, positively influenced the coal miners’ perceptions of ankle support, fit and 
comfort reported by underground coal miners.  The frequency of foot problems, lower 
limb and lower back pain reported by these miners, however, are still high, irrespective 
of the work boot type they wear.  Although boot type did not alter the incidence of foot 
pain, underground coal miners reported different locations of foot pain depending on boot 
type, indicating differences in work boot design have the potential to influence foot pain 
incidence.  Further investigation is therefore recommended to identify which specific boot 
design features caused these observed differences in work boot fit, comfort and locations 
of foot pain and how these design features can be manipulated to create an underground 
coal mining work boot that is comfortable and reduces the high incidence of foot 
problems and lower limb pain suffered by underground coal mining.   
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The three-dimensional shapes of underground coal miners’ 
feet do not match the internal dimensions of their work boots 
 
This chapter is an amended version of the published manuscript: Dobson, J.A., Riddiford-
Harland, D.L., Bell, A.F. & Steele, J.R. 2018.  The three-dimensional shapes of 
underground coal miners’ feet do not match the internal dimensions of their work boots.  
Ergonomics, 61, 588-604. 
Abstract 
Mining work boots provide an interface between the foot and the ground, protecting and 
supporting miners’ feet during lengthy coal mining shifts.  Although underground coal 
miners report the fit of their work boots as reasonable to good, they frequently rate their 
boots as uncomfortable, suggesting that there is a mismatch between the shape of their 
feet and their boots.  This study aimed to identify whether dimensions derived from the 
three-dimensional scans of 208 underground coal miners’ feet (age 38.3 ± 9.8 years) 
differed from the internal dimensions of their work boots.  The results revealed 
underground coal miners wore boots that were substantially longer than their feet, 
possibly because boots available in their correct length were too narrow.  It is 
recommended boot manufacturers reassess the algorithms used to create boot lasts, 
focusing on adjusting boot circumference at the instep and heel relative to increases in 
foot length. 




During a typical 8-12-hour shift, underground coal miners spend most of their time 
standing and walking (see Chapter 2).  Throughout this time their mining work boots are 
required as an interface between the foot and the ground and provide protection and 
support to the foot (Doi et al., 2010).  Poor fitting footwear can fail to provide support 
and instead result in clinically-reported foot problems such as blistering, chafing, black 
toes, bunions, pain and tired feet (Rossi, 2001, Yates and Merriman, 2009). 
In a recent survey of 358 underground coal miners (39 ± 11 years of age), over 
half of the participants (55.3%) reported experiencing foot problems, with calluses being 
the most common complaint (see Chapter 2).  Of those participants who listed foot and/or 
ankle pain, 62.3% associated this pain with their mining work boots.  Less than half of 
the miners (37.7%) rated their boots as comfortable, with 18.1% rating their mining boots 
as uncomfortable and 38.5% rating their boot comfort as indifferent (see Chapter 2).  How 
an individual’s footwear fits is one of the most important aspects when determining 
footwear comfort (Miller et al., 2000, Hawes and Sovak, 1994).  Interestingly, despite the 
poor comfort ratings reported by the miners surveyed, 83.8% reported their mining work 
boot fit as reasonable to good (see Chapter 2).  Therefore, it remains unknown why these 
underground coal miners found their mining work boots uncomfortable despite 
perceiving their boots to fit relatively well.   
A mismatch between the foot and footwear can affect the mechanical load applied 
by the footwear to the foot and, in turn, influence overall foot function (Doi et al., 2010, 
Rossi, 2001).  For example, footwear that is too tight restricts foot movement adversely 
influencing the distribution of the forces generated during walking (Doi et al., 2010, 
Rossi, 2001).  Conversely, footwear that is too loose creates a point of instability leading 
to unwanted foot slippage (Doi et al., 2010, Rossi, 2001).  For footwear to be comfortable 
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and allow natural foot motion, its internal shape must match the shape of the foot as 
closely as possible (Hawes and Sovak, 1994).  However, matching the exact individual 
foot shape and dimensions can be problematic in a shoe, as during weight bearing the foot 
undergoes changes in shape with impact and fluctuations in temperature (Yates and 
Merriman, 2009).  Recommended values to ensure proper footwear fit and allow 
sufficient room for the foot to move within a shoe are available.  A gap of 10-20 mm 
between the longest toe and the end of a shoe (Rossi, 1988, Barton et al., 2009, Hayashi 
and Hosoya, 2014) and a snug to 20 mm gap across the foot breadth (Rossi, 1988) are 
typically recommended.  However, a gold standard value is not available and these values 
are based on anecdotal evidence rather than any systematic scientific investigation.   
This lack of clear parameters for fit has led to three-dimensional foot scanning 
becoming more frequently used in footwear research to systematically assess footwear 
fit.  Advancements in scanning technology, three-dimensional visualisation 
methodologies and mathematical modelling techniques have enabled the development of 
algorithms that can accurately match foot shape to the internal structure of footwear 
(Witana et al., 2004).  Footwear manufacturers typically use such algorithms to develop 
their footwear, whereby foot shape is characterised using a last, a three-dimensional 
mould that approximates the shape of the human foot (Nácher et al., 2006).  In order to 
maximise their competitive commercial advantage, footwear manufacturers have 
developed custom lasts that offer something new to the consumer, such as different fits 
(i.e. wide fitting), shapes (i.e. wedge heels) and styles (i.e. minimalist shoes; Nácher et 
al., 2006, Witana et al., 2004).  To ensure shoes cater for foot shape and provide comfort, 
it is imperative that any such last is based on foot dimensions of individuals who are likely 
to wear the shoes. 
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Although a large percentage of underground coal miners have reported the fit of 
their mining work boots as reasonable to good, they rate the comfort of these boots as 
indifferent to uncomfortable.  This suggests that while an individual miner’s feet tend to 
fit inside their work boots, there is possibly a mismatch between specific areas within the 
boot with the shape and/or dimensions of the miner’s feet.  Therefore, this study aimed 
to identify whether dimensions derived from the three-dimensional scans of mine 
workers’ feet differed from the internal dimensions of their work boots.  It was 
hypothesised: 
H1: A 10-20 mm gap in length would be present between the distal end of a miner’s 
longest toe and the end of the toe box of their work boot.   
H2: There would be no gap in width, circumference or height between a miner’s foot and 
the edge of their work boot. 
H3: Hypothesis 1 and 2 would hold true, irrespective of boot size or work boot type. 
4.2 Methods 
4.2.1 Participants 
The feet of 270 underground coal miners from Dendrobium and West Cliff mine sites 
(Illawarra Coal, Australia) were initially scanned.  From these data, 208 scans of the feet 
of all miners (males; age 38.3 ± 9.8 years; height 178.9 ± 5.7 cm, body mass 93.2 ± 12.5 
kg), who wore a US size 9, 10, 11 or 12 work boot, were selected for analysis.  These 
sizes represented the four most common work boot sizes worn by underground coal 
miners at Illawarra Coal (see Chapter 2).  The University of Wollongong Human 
Research Ethics Committee approved all testing procedures (HE11/198) and written 
informed consent was obtained from all participants before commencing data collection. 
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4.2.2 Foot Scans 
Three-dimensional foot scans (INFOOT three-dimensional foot scanner; I-Ware, Japan) 
of all the participants’ left and right bare feet were collected following the procedures of 
de Mits et al. (2010).  In brief, prior to scanning, 15 felt markers (5 mm diameter and 2 
mm thickness) were placed on specific bony landmarks on the left and right foot of the 
participants following the manufacturer’s instructions (Figure 17; I-Ware, Japan).  The 
participants then stood with their bodyweight evenly distributed across their two feet, 
with one foot placed in the foot scanner.  Each foot was scanned for 15 seconds whereby 
the scanner projected two laser beams across the foot and eight cameras recorded the 
resulting image.   
   
Figure 17:  Markers placed on the participants’ feet to highlight data points used by 
the INFOOT three-dimensional foot scanner (I-Ware, Japan) to calculate 
foot dimensions. 
 
The scanning process was repeated three times per foot.  A single foot scan provided 
three-dimensional shape with a resolution of 1 mm.  After extensive calibration, the 
INFOOT scanner was shown to have high accuracy (1 mm in the X, Y and Z planes 
(length, width and height measurements) when using a 0.5 mm step; I-Ware, Japan).  It 
has also been shown to be a valid and reliable system when scanning the feet of healthy 
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adults (de Mits et al., 2010).  The scanner was calibrated before testing and daily checks 
were performed before each scanning session, following the manufacturer’s instructions 
(I-Ware, Japan).   
4.2.3 Boot Moulds 
The two mandatory safety work boot types provided to underground coal miners at 
Illawarra Coal were selected as the experimental footwear (see Chapter 2).  These work 
boots were: (i) a gumboot (Style 015; 2.7 kg; 37.5 cm shaft height; rubber; Blundstone®, 
Australia) and (ii) a leather lace-up boot (Style 65-691; 3.1 kg; 35 cm shaft height; full 
grain leather; Oliver, Australia) in sizes 9, 10, 11 and 12.  Further details of the boots are 
documented elsewhere (see Section 3.1).  New pairs of these work boots rather than the 
participant’s own boots were used as the experimental footwear to maintain consistency 
in boot wear.  All of the miners who participated in the current study wore one of these 
boot types, with 60% wearing the gumboot and 40% wearing the leather lace-up boot. 
To characterise the internal shape and dimensions of the two work boots, Plaster 
of Paris moulds of each new boot were made (see Figure 17).  Plaster of Paris (Uni-PRO, 
Australia), at a ratio of 1.5 parts plaster to 1-part water, was poured inside each boot and 
left to dry for a minimum of 72 hours in a climate-controlled environment (24.3 degrees 
C; 64.5% humidity; The Sounding Stone, 2010).  Once dry, the hardened Plaster of Paris 
moulds were manually cut out of the boots and scanned immediately.  Three moulds per 
boot condition (gumboot and leather lace-up) per boot size (9, 10, 11 and 12) for the left 
and right side were created (i.e. three pairs of boots in total per size per boot condition).  
The chief investigator (JD) created all the moulds. 
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4.2.4 Boot Mould Scanning 
To quantify the internal shape and dimensions of each boot size, each boot mould was 
scanned using the same device that scanned the feet of the underground coal miners (see 
Section 4.2.2; I-Ware, Japan).  To achieve this, each boot mould was placed one at a time 
into the scanner and scanned four times per mould. 
Due to the nature of Plaster of Paris, the felt markers used to highlight specific 
bony landmarks on the miners’ feet would not adhere to the boot moulds.  Therefore, to 
allow the same variables to be calculated for the boot moulds and the feet during analysis, 
the marker positions were manually created after each scan for the most medial and lateral 
points of the forefoot (see Figure 17).  The location of toes 1 and 5 were then 
approximated, based on the definition that the forefoot was 60-80% of the full length of 
the mould (Cavanagh and Ulbrecht, 1994; see Figure 17). 
  
 
Figure 18:  An example mould representing the internal shape of the gumboot and the 
associated three-dimensional scanned image, showing the four marker 
locations. 
 
4.2.5 Analysis of the Scanned Images 
The scanned images of the participants’ feet and the boot moulds were analysed using the 
INFOOT Digital Measurement software (Version 2.36; I-Ware, Japan).  Based on the 
marker positions highlighted in each scan, the following variables were automatically 
calculated: length (foot length), width (foot breadth, heel breadth, toe 1 angle, toe 5 
angle), circumference (ball girth circumference, instep circumference, heel girth 
circumference) and height (ball girth height, instep height, toe 1 height, toe 5 height; see 
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Figure 19 and Figure 20).  These variables were selected for analysis because similar 
variables have been shown to influence shoe fit based on anthropometric and subjective 
comfort measures (Miller et al., 2000, Nácher et al., 2006).  The variables derived from 
the scanning process described above were shown to have high reliability.  That is, 
intraclass correlation coefficients of R > 0.90 (0.992-0.999) were achieved when 
comparing the dimensions calculated for the three foot scans taken for the miners across 
all boot sizes and for the three boot moulds taken for all sizes in both boot conditions 
(Portney and Watkins, 1993). 
4.2.6 Statistical Analysis 
Descriptive statistics (means and standard deviations) were calculated for the 12 variables 
for both the right and left feet of the miners and the right and left boot moulds.  Paired t-
tests were then used to determine whether there were any significant differences between 
the left and right feet of the miners or the left and right boot moulds.  As there were no 
significant differences between left and right (p = 0.27 – 0.98) only data representing the 
right feet of the miners and the right boot moulds were used in further analyses.   
4.2.6.1 Comparing the miners’ feet and their internal boot dimensions 
A series of independent samples t-tests were used to compare the variables derived from 
the foot scans to the same variables derived from the boot mould scans.  These tests 
determined whether there were any significant differences in the length, width, 
circumference and height dimensions between the miners’ feet and their internal work 
boot structure.  The difference between the foot scans and boot moulds for each of the 
variables were also calculated to represent the gap between a miner’s foot and the internal 
edge of their work boot.  Positive values indicated a miner’s foot was larger than their 
work boot and a negative value indicated a miner’s foot was smaller than their work boot 
at a given location. 




            
 
Figure 19:  The 12 variables calculated from the participants’ feet and the boot 
moulds based on the marker positions. 
 
4.2.6.2 Boot type and boot size effect 
A repeated measures ANOVA design with one between factor of boot type (gumboot, 
leather lace-up boot) and one within factor of boot size (9, 10, 11, 12) was used to 
determine whether the gap between the foot scans and boot moulds for each of the 
variables was consistent across boot type and sizes.  Wilks' Lambda multivariate test was 
used to determine significant main effects and interactions.  Where a significant 
interaction was evident, independent samples t-tests were used to determine where the 
significant differences lay.  An alpha level of p < 0.05 was used and all statistical 
procedures were conducted using SPSS statistical software (Version 21, SPSS, USA).  
Although multiple t-tests were conducted, no adjustment to the alpha level was deemed 
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necessary given the exploratory nature of the study and the low cost associated with 













Figure 20:  Summary of the experimental protocol: The right feet of 208 underground 
coal miners were grouped into four sizes while three moulds per boot 
condition per boot size (9, 10, 11 and 12) were created and scanned four 
times.  The length, width, circumference and height variables were 
calculated for both the foot scans and boot mould scans. 
 
4.3 Results 
4.3.1 Comparing the Miners’ Feet and their Internal Boot Dimensions 
Means (± standard deviations) of the 12 variables derived from the scans of the miners’ 
feet and the scans of the gumboot and leather lace-up boot moulds are presented in Table 
4.  All variables derived from the scans of the miners’ feet were significantly different 
Underground 
coal miners  
(n = 208) 
Size 9 
(n = 56) 
Size 10 
(n = 65) 
Size 11 
(n = 52) 
Size 12 
(n = 35) 
Gumboot        
(n = 12) 
Leather 
lace-up boot 
(n = 12) 
Size 9 
(n = 12)* 
Size 10 
(n = 12)* 
Size 11 
(n = 12)* 
Size 12 
(n = 12)* 
Foot Scans Boot Mould Scans 
Boot 
moulds         
(n = 24) 
*per boot condition 
Boot Moulds 
Feet 
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from the variables derived from the scans of the mining work boots, with the exception 
of toe 5 angle in the gumboot and foot breadth in the leather lace-up boot. 
Visual representations of the gap between the foot scans and boot moulds for each 
of the variables, including all outliers, are displayed in box plots (see Figure 21 (A) to 
(D)).  Outliers in the data were not excluded because, after visual inspection of the data, 
each one could be explained by the presence of factors such as foot deformities (e.g. 
hammertoe).  These outliers highlight the broad range of feet displayed by underground 
coal miners.  Foot breadth, heel breadth and toe 5 angle were regions where the miners’ 




Table 4:  Means (± standard deviations) of the gumboot and leather lace-up boot moulds and the miners’ foot scans for each of the 12 
variables (mm or degrees for angle).  Independent samples t-test results comparing the gumboot and leather lace-up boot 





                      
 
  a indicates a significant difference between the gumboot and miners’ feet (p ≤ 0.05) 
              b indicates a significant difference between the leather lace-up boot and miners’ feet (p ≤ 0.05) 
 







Foot Length (mm) < 0.001 a 298.5 ± 10.6 273.3 ± 11.2 300.7 ± 11 < 0.001 b 
Foot Breadth (mm)    0.002 a 111.9 ± 2.4 109.3 ± 5.5 107.7 ± 2.8   .065 
Heel Breadth (mm) < 0.001 a 77.9 ± 2.8 70.1 ± 4.1 72.8 ± 1.9 < 0.001 b 
Toe 1 Angle (°) < 0.001 a 14.9 ± 1.6 5.8 ± 5.3 13.7 ± 2.9 < 0.001 b 
Toe 5 Angle (°)     .859 a 14.3 ± 1.8 13.9 ± 5.2 11.4± 2.4         < 0.001 
Ball Girth Circumference (mm) < 0.001 a 283.2 ± 6.1 265.9 ± 14.7 282.3 ± 8.1 < 0.001 b 
Instep Circumference (mm) < 0.001 a 309.1 ± 9.9 266.1 ± 12.5 299.5 ± 5.2 < 0.001 b 
Heel Girth Circumference (mm) < 0.001 a 409.4 ± 12.8 356.1 ± 18.4 398.6 ± 11.8 < 0.001 b 
Ball Girth Height (mm) < 0.001 a 53.6 ± 1.8 45.8 ± 3.7 63.4 ± 3.6 < 0.001 b 
Instep Height (mm) < 0.001 a 95.5 ± 4.8 73.9 ± 5.0 85.3 ± 3.8 < 0.001 b 
Toe 1 Height (mm) < 0.001 a 49.6 ± 2.2 26.1 ± 3.6 50.1 ± 3.2 < 0.001 b 










































Figure 21A:  The gap between a miner’s foot and their internal boot dimensions for boot 
sizes 9 represented by a box-and-whisker plot.  Values to the left of the 0 
line indicate the miners’ feet were smaller than their boots and values to 
the right of the 0 line indicate their feet were larger than their boots.  
Circled values represent outliers. 
A 








Figure 21B:  The gap between a miner’s foot and their internal boot dimensions for boot 
sizes 10 represented by a box-and-whisker plot.  Values to the left of the 
0 line indicate the miners’ feet were smaller than their boots and values to 
the right of the 0 line indicate their feet were larger than their boots.  
Circled values represent outliers. 
B 








Figure 21C:  The gap between a miner’s foot and their internal boot dimensions for boot 
sizes11 represented by a box-and-whisker plot.  Values to the left of the 0 
line indicate the miners’ feet were smaller than their boots and values to 
the right of the 0 line indicate their feet were larger than their boots.  
Circled values represent outliers. 
C 







Figure 21D:  The gap between a miner’s foot and their internal boot dimensions for boot 
sizes 12 represented by a box-and-whisker plot.  Values to the left of the 
0 line indicate the miners’ feet were smaller than their boots and values to 
the right of the 0 line indicate their feet were larger than their boots.  
Circled values represent outliers.   
D 
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4.3.2 Boot Type and Boot Size Effect 
There was a significant main effect of boot type (p < 0.001) and boot size (p < 0.001) and 
a significant interaction of boot type x boot size (p < 0.001) on the gap data (i.e. the 
difference between the foot scans representing the miners’ feet and the boot moulds 
representing the internal work boot structure).  Upon further investigation, a main effect 
of boot type was evident for the variables of foot breadth and ball girth circumference, 
whereby the leather lace-up boot was narrower compared to the gumboot (see Figure 22).  
There was also a main effect of boot size for the variables of foot length and toe 1 height, 
whereby the miners’ feet were closer to the internal edge of their work boots in the larger 
boot sizes compared to the smaller boot sizes (see Figure 22).  The main effects of boot 
type were moderated by boot size in the variables of heel breadth, toe 1 angle, toe 5 angle, 
instep circumference, heel girth circumference, ball girth height, instep height and toe 5 
height (see Figure 22).  Post hoc analysis revealed that the leather lace-up boot heel girth 
circumference, instep circumference and instep height were narrower compared to the 
gumboot, with boot sizes 11 and 12 having less of a gap than the smaller boot sizes.  The 
gumboot heel girth circumference, instep circumference and instep height had a 
consistent gap across boot sizes, whereas the heel breadth size 12 gap was significantly 
smaller than sizes 9, 10 and 11.  In the leather lace-up boot, the heel breadth gap was 
significantly smaller in sizes 10 and 11 when compared to size 9.  Ball girth height was 
one of few variables where the gumboot had a smaller gap than the leather lace-up boot 
and, despite the gap data fluctuating in different directions for the different boots at sizes 
10 and 11, size 12 had a similar gap to size 9 in both boot types.  
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a indicates a significant difference to size 9 (p ≤ 0.05) 
b indicates a significant difference to size 10 (p ≤ 0.05) 
c indicates a significant difference to size 11 (p ≤ 0.05) 
* indicates significant difference between the gumboot (solid line) and leather lace-up 
boot (dotted line; p ≤ 0.05) 
 
Figure 22A:  Boot type x boot size interactions for variables 1-6 of the gap data (i.e. the 
difference between the foot scans representing the miners’ feet and the 
edge of the boot moulds representing their internal work boot structure).  
Negative values indicate the miners’ feet were smaller than their boots and 
positive values indicate their feet were larger than their boots.
b 
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a indicates a significant difference to size 9 (p ≤ 0.05) 
b indicates a significant difference to size 10 (p ≤ 0.05) 
c indicates a significant difference to size 11 (p ≤ 0.05) 
* indicates significant difference between the gumboot (solid line) and leather lace-up 
boot (dotted line; p ≤ 0.05) 
 
Figure 22B:  Boot type x boot size interactions for variables 6-12 of the gap data (i.e.  
the difference between the foot scans representing the miners’ feet and the 
edge of the boot moulds representing their internal work boot structure).  
Negative values indicate the miners’ feet were smaller than their boots and 
positive values indicate their feet were larger than their boots.
a 
a 








































Underground coal miners have previously indicated that although the fit of their mining 
work boots is reasonable to good, their mining work boots are uncomfortable to wear.  
When comparing the shape of underground coal miners’ feet to the internal dimensions 
of their work boots, we have revealed that underground coal miners wore boots that were 
substantially longer than their feet, whereas the width of the forefoot and heel areas of the 
boots were not wide enough for the wearer.  The implications of these findings are 
discussed below. 
A work boot should be slightly longer than the foot to compensate for elongation 
that occurs when standing and walking (Menz et al., 2014, Grau and Barisch-Fritz, 2017, 
Hawes and Sovak, 1994).  Unfortunately, what the gap between the longest toe and the 
end of a boot should be has not been systematically investigated.  Values in the literature 
currently range from 10-20 mm or a thumbs width (Rossi, 1988, Barton et al., 2009, 
Hayashi and Hosoya, 2014).  It should be noted that it is not possible to use the “thumb 
width rule” when fitting work boots because of the inability to palpate the longest toe 
beneath the mandatory steel cap.  In support of our first hypothesis (H1), the underground 
coal miners’ feet in the current study were shorter in length than their work boots.  On 
average, however, the gap between the longest toe and the end of the work boots was 
greater than the gap recommended in the literature.  Furthermore, in contrast to our third 
hypothesis (H3), the size of this gap increased as boot size increased, whereby there was 
a 20-30 mm gap between the end of the miners’ feet and their work boots in the largest 
boot sizes (see Figure 22).  We speculate that this larger gap at the end of the miners’ 
boots was likely to be related to insufficient boot width.  Shoe width does not always 
incrementally increase with shoe length and, to obtain adequate width, people with wide 
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feet often choose shoes much longer than their feet (Yates and Merriman, 2009).  This 
finding is supported in other study populations, for example older adults (227 women, 
172 men; 60-90 years of age) who wore shoes much longer than their feet had wider feet, 
suggesting foot width determines shoe size selection (de Castro et al., 2010).  Infantry 
recruits with wider feet also compensated for a lack of available shoe width by choosing 
larger shoe sizes (Finestone et al., 1992).  In the current study, the miners’ feet were closer 
to the end of the gumboot, which has a wider forefoot design compared to the narrower 
leather lace-up boot.  This result further supports the relationship between foot width and 
boot size selection, and is consistent with previous research where gumboot wearers were 
more likely to select a work boot that was smaller than their everyday shoe size compared 
to leather lace-up boot wearers who were more likely to select a work boot larger than 
their everyday shoe (see Chapter 3).   
Discomfort can result from selecting a work boot that is larger than the foot.  In 
this case, the position of the metatarsophalangeal joint is the main contributing factor to 
this discomfort.  In a boot that is too long relative to foot length, the metatarsophalangeal 
joint sits further back than where it would normally sit in proper fitting footwear.  For the 
foot to move naturally in this position the boot must now flex in a different location than 
how it was designed (Yates and Merriman, 2009).  If the boot is unable to flex in this 
more distal location discomfort results because the metatarsophalangeal joint is unable to 
flex while walking, thus inhibiting natural rollover and push-off via the toes.  This could 
explain why underground coal miners find their work boots uncomfortable despite no 
reported issues with fit (Yates and Merriman, 2009, Hawes and Sovak, 1994; see Chapter 
2). 
In contrast to our second hypothesis (H2), a mismatch between the miners’ feet 
and the internal dimensions of their boots for the variables of foot breadth and heel 
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breadth was found.  The foot and heel breadth dimensions of the participants were either 
similar in size or larger than the internal dimensions of their work boots leading to a 
compression of the miners’ forefoot and heel to fit inside their work boots (see Figure 
21).  In fact, across all boot sizes there was less than a 4 mm gap between the miners’ foot 
breadth and the internal edge of the boot in the gumboot, whereas in the leather lace-up 
boot, the miners’ feet were wider than their internal boot structure (see Figure 22).  Gaps 
less than 5 mm between the feet and the internal edge of a shoe have been linked to 
discomfort (Pavlackova et al., 2015), again explaining why underground coal miners rate 
their work boots as uncomfortable (see Chapter 2).   
The toe 5 angle, a width dimension, of the miners’ feet was also greater than the 
boot moulds, highlighting that the miners’ 5th toes would likely be compressed to fit inside 
their work boots (see Figure 21 and Figure 22), particularly when wearing leather lace-
up boots (see Figure 22).  Constantly compressing the 5th toes against the internal edge of 
their work boot throughout a typical 8-hour shift will increase the likelihood of 
developing corns and/or calluses (Grouios, 2004; see Chapter 2).  However, these results 
need to be interpreted with caution because the position of toe 5 on the boot moulds had 
to be approximated. 
For the variables of instep height, instep circumference and heel girth 
circumference in the leather lace-up boot and heel breadth in the gumboot, the miners’ 
feet were closer to the internal edge of their work boot in the larger boot sizes compared 
to the smallest boot size (see Figure 22).  This finding is in contrast to H3 where we 
hypothesised that the gap between the miners’ feet and their boots would remain constant 
across sizes and boots.  This result also implies that boot designers are not increasing the 
boot circumference at the instep and heel sufficiently in the larger boot sizes.  Work boots 
that are too tight would not only be uncomfortable and lead to foot pain but could impair 
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foot function leading to further lower limb discomfort (Luximon et al., 2003, Rossi, 
2001).  We recommend boot manufacturers reassess the algorithms used to create boot 
lasts, particularly focusing on adjusting boot circumferences at the instep and heel relative 
to increases in foot length.   
In contrast to our second hypothesis (H2), there was a substantial 20-30 mm gap 
between the dorsal surface of the miners’ toes and the boot toe box, and this gap was 
evident across both boots and all sizes (see Figure 22).  This result suggests that the foot 
discomfort reported by miners is more likely to be associated with inadequate boot width 
rather than insufficient toe box height. 
The boot type x boot size interactions identified in the present study are also in 
contrast to H3 but support the need to update the current underground coal mining work 
boot last algorithms.  Differences between dimensions representing the miners’ feet and 
the internal work boot structure were not consistent across boot sizes or boot types.  To 
improve work boot fit and comfort of all underground coal miners, the gap between a 
miners’ foot and their internal work boot structure needs to be consistent regardless of the 
boot type or boot size.  Exactly what is an ideal foot-boot gap is currently subjective and 
vaguely quantified.  Gap values in the literature range from ‘snug’ to a 20 mm gap across 
the foot breadth with no other width or height gap values reported (Rossi, 1988, Menz et 
al., 2014, Miller et al., 2000, Witana et al., 2004, Goonetilleke et al., 2000).  If a work 
boot is either too broad or too small, the foot is unable to be stabilised within the boot and 
this lack of stabilisation can create high pressure points, which can lead to foot problems 
such as calluses (Marr, 1999).  Underground coal miners who had calluses were more 
likely to rate their work boot fit as ‘poor’ and boot comfort as ‘uncomfortable’ than those 
who did not report calluses (see Chapter 2).  Future studies are therefore needed to 
investigate self-reported comfort and fit ratings and link them to quantitative width fit 
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measurements to create specific numerical boot width fitting guidelines that can be used 
across different boot types and sizes. 
Foot pain is also a consequence of work boots that are too tight or too broad 
(Rossi, 2001).  On average, in the current study, the miners’ foot dimensions were smaller 
than the gumboot internal dimensions but were similar or larger than the leather lace-up 
boot internal dimensions.  Foot breadth, heel breadth, heel circumference, toe 5 angle, 
instep height and instep circumference are variables where the leather lace-up boot was 
narrower than the gumboot across all boot sizes (see Figure 22).  Corns, bunions and foot 
problems that result from increased pressure on the foot are more common in wearers of 
the narrower leather lace-up boot compared to gumboot wearers (Grouios, 2004; see 
Chapter 3).  Leather lace-up boot wearers were also more likely to report navicular and 
cuboid pain (see Chapter 3), suggesting the narrower foot breadth and instep in the leather 
lace-up boot is problematic. 
Gumboot wearers, on the other hand, are more likely to have pain around the ball 
of their foot, compared to leather lace-up boot wearers (see Chapter 3).  Chapter 3 
suggested that this pain was likely because gumboots allowed too much movement 
around this region of the foot.  However, in the present study the leather lace-up boot had 
a significantly greater ball girth height than the gumboot, although the gumboot appeared 
to allow adequate room across the ball girth circumference and was not significantly 
different from the leather lace-up boot with respect to this variable (see Figure 22).  We 
therefore speculate that the ball of foot pain experienced by gumboot wearers is likely 
due to additional movement at the forefoot in the gumboot placing extra pressure at the 
top of the ball of the foot, where there is less room.  Further research is recommended to 
investigate different boot shapes relative to underground miners’ foot shapes to identify 
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how much room is required between the foot and work boot at different locations in order 
to minimise foot pain while optimising foot comfort and movement.   
Although enhancing boot design is important, it is vital to develop boot-fitting 
guidelines to ensure that miners can select a work boot to suit their individual foot shape.  
Furthermore, it is likely to be too difficult to create a boot that adequately fits all workers 
while still accommodating for the outliers.  As such, miners who fall into the extremes of 
fitting guidelines should be provided with custom boots as a more viable option than 
trying to fit them into a generic boot shape. 
4.4.1 Limitations 
Plaster of Paris creates a hard, rigid shape that unlike the foot is unable to be deformed.  
Hence, during real wear, once a shoe is ‘broken in’ the dimensions and shape of the shoe 
can be different from the original structure (Rossi, 1988).  Therefore, the mismatching 
points between the feet and the boot moulds identified in the current study may not be as 
noticeable after a miner has worn their boots in.  However, this is also dependent on the 
material of the boot upper with leather, for example, tending to have minimal give, 
especially when compared to rubber (Rossi, 1988).  Wear testing of boots during 
simulated underground mining conditions is vital in future research to confirm how 
footwear deforms due to wear and whether this is affected by boot material.   
Due to the nature of the Plaster of Paris moulds, the positions of toe 1 and toe 5 
had to be approximated and, although the utmost care was taken to make these positions 
as accurate as possible, the results still need to be interpreted with caution.   
  




Underground coal miners wore boots that were substantially longer than their feet, most 
likely because boots available in their correct length were too narrow.  Work boots that 
do not fit properly are not only uncomfortable but can lead to foot pain while working.  It 
is recommended boot manufactures reassess the algorithms used to create boot lasts, 
focusing on adjusting boot circumference at the instep and heel relative to increases in 
foot length.  Unfortunately, acceptable fit is subjective and vaguely quantified in the 
literature making specific design recommendations difficult.  It is therefore vital future 
studies investigate self-reported comfort and fit ratings and link them to quantitative fit 
measurements to develop boot-fitting guidelines that ensure miners can select a work boot 
that suits their individual foot shape.  





How do we fit underground coal mining work boots? 
This chapter is an amended version of the published manuscript: Dobson, J.A., Riddiford-
Harland, D.L., Bell, A.F. & Steele, J.R. 2018.  How do we fit underground coal mining 
work boots?  Ergonomics, published online: 01 Nov 2018. 
Abstract 
Acceptable footwear fit, particularly width, is subjective and vaguely quantified.  Proper 
shoe fit is important because it affects both comfort and the potential to prevent injury.  
Although mismatches between the feet of underground coal miners and their internal boot 
dimensions are known, no research has been undertaken to determine the impact of these 
mismatches on worker perceptions of fit, comfort and injury.  This study aimed to use 
three-dimensional scanning to quantitatively assess mining work boot fit relative to 
underground coal miners’ subjectively-rated work boot fit and comfort, reported foot 
problems, lower limb pain and lower back pain in order to develop evidence-based work 
boot fit recommendations.  Chi-squared tests and a multivariate backward stepwise 
elimination logistic regression revealed significant relationships between the objective 
measures of mining work boot fit and the miners’ subjectively-rated work boot fit and 
comfort.  Traditional footwear fitting methods, which are based predominantly on foot 
length, cannot be applied to underground coal mining specific footwear.  Instead, fit at 
the heel, instep and forefoot must be considered when fitting underground coal mining 
work boots, in conjunction with the traditional length measurement. 




Simply put, footwear is deemed to fit correctly when a shoe ‘accommodates’ an 
individual’s foot (Goonetilleke et al., 2000).  Although it is acknowledged that both the 
length and width of an individual’s foot should be considered when fitting a shoe 
(Schwarzkopf et al., 2011), how to correctly fit footwear has proven a challenge for over 
3000 years (Rossi, 1988). 
Proper shoe fit is important because it affects both comfort and the potential to 
prevent injury (Witana et al., 2004, Reinschmidt and Nigg, 2000, Rossi, 1988).  For 
example, well-fitted footwear can provide an appropriate level of support and shock 
absorption during activities such as walking.  This, in turn, can enhance comfort and 
confidence in mobility (de Castro et al., 2010), as well as diminishing many foot problems 
and foot pain (Manna et al., 2001).  Despite the importance of correct fit, researchers have 
consistently reported that 20-40% of participants in their studies were wearing ill-fitting 
footwear (Schwarzkopf et al., 2011, Doi et al., 2010, Collazzo, 1988).  This is problematic 
because footwear that is too tight will increase pressure on the foot and footwear that is 
too loose can cause excessive friction due to the foot sliding within the shoe (Schwarzkopf 
et al., 2011, Au and Goonetilleke, 2007).  These footwear fit mismatches can lead to soft 
tissue injuries, such as foot ulcers and calluses and make the footwear uncomfortable to 
wear (de Castro et al., 2014, Schwarzkopf et al., 2011, Au and Goonetilleke, 2007, Marr, 
1999).   
Ill-fitting footwear can also compromise normal foot motion, forcing the joints of 
the lower limb to rely on secondary structures, such as the muscles and ligaments, for 
support during activities such as walking (Neely, 1998).  Not only does this altered 
movement increase the risk of foot injuries but segments further up the lower limb chain, 
such as the ankle, knee and hip, are at an increased risk of injury (Hamill and Bensel, 
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1996, Böhm and Hösl, 2010, Doi et al., 2010, Luximon et al., 2003).  This is particularly 
problematic for individuals walking on uneven and unstable surfaces (Gates et al., 2012) 
because the demand placed on the lower limb to stabilise and maintain dynamic 
equilibrium while walking on such challenging surfaces is already heightened (Menz et 
al., 2003). 
Many underground coal miners are required to stand and walk on uneven, wet and 
unstable surfaces for 8-12 hours during a typical working shift (see Chapter 2).  It is 
therefore not surprising that many of these miners report problems with their work boots.  
Interestingly, 84% of 358 underground coal miners (39 ± 11 years of age) reported the fit 
of their mining work boots as reasonable to good.  However, 18% of this cohort reported 
their mining work boots were uncomfortable, 39% rated their boot comfort as indifferent, 
55% reported foot problems such as calluses and 62.3% associated their work boots with 
the foot and/or ankle pain they experienced (see Chapter 2).  This discrepancy among 
perceived work boot fit, comfort and foot problems appears to be caused by current 
mining work boots fitting the length of miners’ feet but no other critical foot dimensions, 
such as the width (see Chapter 3).  Although there are objective guidelines to fit foot 
length, fitting foot width is typically subjective and vaguely quantified (see Table 5).  The 
literature pertaining to fitting the width of an individual’s foot ranges from ensuring the 
footwear is ‘snug’ to ensuring there is a 20 mm gap across the foot breadth (Rossi, 1988).  
There is no mention of how to cater for other important foot dimensions when fitting 
footwear, such as ball girth circumference, instep circumference, heel breadth, height of 
the instep, height of the top of the ball girth, height and angle of toe 1 and toe 5, or heel 
girth circumference (Menz et al., 2014, Witana et al., 2004, Miller et al., 2000, 
Goonetilleke et al., 2000, Rossi, 1988; see Table 5). 
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Three-dimensional scanning provides a means to objectively determine detailed 
dimensions of individuals’ feet, as well as dimensions of the internal shape of work boots.  
Comparing where miners’ feet are bigger or smaller than the internal dimensions of their 
work boots could assist in designing better fitting work boots (see Chapter 4).  However, 
when mismatches are found between foot shape and internal boot dimensions, it remains 
unknown what impact these mismatches have on perceptions of work footwear fit and 
comfort.  Furthermore, whether a continuum exists in which perceptions begin to increase 
or decrease after a certain numerical gap between the foot and boot construction is 
unknown (see Chapter 4).   
 
Table 5:  Recommendations on criteria used to determine acceptable footwear fit. 
 
 
Reference Fit Criteria 
Veterans Administration 
(1976) 
Toe Room: 10 mm  
Rossi (1988) Toe Room: 3-25 mm (1/8 inch to a thumb's width) 
Width: None (snug fit) to 13 mm (foot-spread allowance) 
Janisse (1992) Toe Room: 9-10 mm  
Width: Allows adequate room across the ball of the foot 
First Metatarsal: Sitting at the widest part of the shoe 
Heel: Snug fit 
Pivečka & Laure (1995) Toe Room: 5 mm 
Tremaine & Awad (1998) Width: Equal to or no more than 6.5 mm less than the fore-foot 
width 
Witana et al. (2004) Perfect Fit (one that is neither tight nor loose)  
Forefoot Region: Dimensional difference around 5 mm on the 
medial side or around 8 mm on the width dimension  
Midfoot Region: Dimension difference around 7 mm on the 
lateral side or 15 mm of the total width 
Barton et al. (2009) Toe Room: 10-20 mm or thumbs width   
Width: Grasp technique - too wide (excessive bunching of the 
upper), good (slight bunching of the upper), or too narrow (tight, 
taught, upper unable to be grasped) 
Depth: Toes and joints able to move freely and the absence of 
pressure on the dorsal aspect of the toes and nails 
Hayashi & Hosoya 
(2014) 
Toe Room: 10-20 mm  
  Chapter 5 
82 
 
Footwear fit cannot be defined by only dimensional differences between feet and 
footwear; subjective assessments of footwear fit must also be taken into consideration 
(Cheng and Hong, 2010).  Uncomfortable footwear is not always rated as fitting poorly 
at every foot-footwear point, suggesting that some areas of the foot are more important 
to ensure proper fit than others (Au and Goonetilleke, 2007, Witana et al., 2004).  
Therefore, this study aimed to establish the association between objective measures of 
mining work boot fit and underground coal miners’ subjectively-rated work boot fit and 
comfort, reported foot problems, lower limb pain and lower back pain.  A secondary aim 
was to establish which objective measures of mining work boot fit were the main 
predictors of foot problems, lower limb pain and lower back pain occurrence.  
Investigating these aims provided evidence upon which to develop specific 
recommendations to guide the fit of work boots for underground coal miners. 
It was hypothesised that:  
H1: Gaps of 10-20 mm between the feet and internal work boot structure lengthwise and 
gaps of 0-10 mm in width, circumference and height would be associated with higher fit 
and comfort ratings and a lower incidence of foot problems, lower limb pain and lower 
back pain. 
H2: Foot length and foot breadth fit would be strong predictors of foot problems, lower 
limb pain and lower back pain. 
5.2 Methods 
5.2.1 Participants 
Three hundred and fifty-eight underground coal miners employed by Illawarra Coal at 
the Dendrobium and West Cliff sites (NSW, Australia) were surveyed and 270 had their 
feet scanned.  Of these participants, the 197 underground coal miners who wore the most 
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common work boot sizes (8, 9, 10, 11 and 12) were selected for the purposes of this study 
(age 39.2 ± 9.6 years; height 178.7 ± 5.8 cm, body mass 92.8 ± 12.6 kg).  Over half of the 
participants had worked underground (54.8%) and performed their current working role 
between 3 and 10 years (52.6%; see Chapter 2).  Nearly a fifth had worked underground 
for over 16 years (18.8%; see Chapter 2).  The most common mining work boot sizes 
worn by the participants were sizes 8-12 with 90% of participants falling within this size 
range.  Surveys were handed out to the participants and foot scans performed at scheduled 
work health and safety meetings and training days.  The University of Wollongong 
Human Research Ethics Committee approved all testing procedures (HE11/198). 
5.2.2 Survey Design, Development and Implementation 
Participants completed a survey, which was designed to assess whether current mining 
work boots met current work-related requirements for underground coal mining and 
whether the miners were satisfied with their mining work boots.  Full details of the survey 
design, development and implementation have been reported elsewhere (see Section 2.2).  
Therefore, only details related to the present study are described below.  As an overview, 
the survey included 54 items (15 closed-ended and 39 open-ended items) divided into 6 
sections, which requested information about the underground coal miners’ job details; 
work footwear habits; foot problems; lower limb and lower back pain; orthotic use; work 
footwear fit and comfort; and foot and footwear knowledge.   
5.2.3 Survey Analytical Variables 
5.2.3.1 Work footwear fit and comfort 
A series of five-point Likert scales were used to derive the participants’ overall work 
footwear fit (1 ‘very poor’ to 5 ‘very good’) and comfort (1 ‘very uncomfortable’ to 5 
‘very comfortable’).   
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5.2.3.2 Foot problems, lower limb pain and lower back pain 
Participants were asked close-ended questions to determine whether they currently 
experienced foot problems and whether they had foot, ankle and/or other lower limb (knee 
and hip) or lower back pain.  Those participants who reported foot problems were required 
to provide further details about their specific problems.  Participants who reported foot 
and/or ankle pain were asked to mark on a five-point Likert scale how often they 
experienced foot and/or ankle pain (1 ‘rarely’ to 5 ‘always’).   
5.2.4 Foot Dimensions 
Three-dimensional foot scans (INFOOT three-dimensional foot scanner; I-Ware, Japan) 
of the participants’ left and right bare feet were collected.  The dimension variables of 
length (foot length), width (foot breadth, heel breadth, toe 1 angle, toe 5 angle), 
circumference (ball girth circumference, instep circumference, heel girth circumference) 
and height (ball girth height, instep height, toe 1 height, toe 5 height) were then extracted 
from the scans using the INFOOT Digital Measurement software (Version 2.36 ; I-Ware, 
Japan; see Figure 19).  The full scanning procedure is described in detail elsewhere (see 
Section 4.2). 
5.2.5 Boot Dimensions 
The two mandatory safety work boots (gumboot and leather lace-up boot) provided to 
underground coal miners at Illawarra Coal, NSW, Australia in the most common sizes (9, 
10, 11 and 12) were selected as the experimental footwear (see Chapter 2).  Boot moulds 
representing the internal shape of these work boots were made out of Plaster of Paris 
(Uni-PRO, Australia).  Details of the work boot design and making of the boot moulds 
have been previously documented (see Section 4.2).  In summary, three moulds per boot 
condition per boot size for the left and right were created (i.e. three pairs of boots in total 
per size per boot condition).  Each boot mould was then scanned three times using the 
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three-dimensional scanner (I-Ware, Japan) to automatically calculate the same 
dimensions as per the foot scans (see Figure 19). 
5.2.6 Statistical Analysis 
5.2.6.1 Surveys 
The frequency of responses for each closed-ended item was determined by coding and 
counting the survey answers.  Open-ended question response frequencies were 
determined using a thematic analysis.  Descriptive statistics were calculated with the 
number of responses for each question varying due to non-responses, multiple answer 
selection or when questions did not require an answer from all participants.  Data were 
analysed only for the participants who provided a response to that question.  Reponses to 
the survey questions were deemed to represent the miners’ subjectively-rated work boot 
fit and comfort and reported foot problems, lower limb pain and lower back pain. 
5.2.6.2 Three dimensional scans 
Paired t-tests were used to compare dimensions obtained for the participants’ feet and the 
work boot moulds for the left and right sides.  As there were no significant differences 
between the left and right data sets, only data for the right feet and right work boot moulds 
were used in the following analyses.   
The numerical difference between the matched size (9, 10, 11 and 12) foot scans 
and boot moulds for each of the dimension variables were calculated and grouped into 12 
categories.  These categories were based on how large the foot-boot mould difference was 
(0-10 mm, 10-20 mm, 20-30 mm, 30-40 mm, 40-50 mm, >50 mm) and whether the 
participants’ feet were smaller (-) or larger (+) than the internal dimensions of their work 
boots.  For toe 1 and 5 angles, the numerical differences were sorted into 10 categories 
with 5 categories in the negative direction (feet smaller than boot moulds) and 5 
categories in the positive direction (feet larger than boot moulds; 0-5°, 5-10°, 10-15°, 15-
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20° and >20°).  These categories were used to classify work boot fit (i.e. difference 
between the foot scans that represented the miners’ feet and the boot moulds that 
represented the internal work boot structure). 
5.2.6.3 Relationship analysis 
Cross tabulations with a Pearson’s Chi-squared test were applied to the survey data (work 
footwear fit and comfort, foot problems, lower limb pain and lower back pain) and the 
gap data (difference between the foot scans that represented the participants’ feet and the 
boot moulds that represented the internal work boot structure; SPSS Version 21, USA).  
The purpose of this statistical analysis was to determine the relationship between 
categorical variables representing objective measures of mining work boot fit and the 
underground coal miners’ subjectively-rated work boot fit and comfort, reported foot 
problems, lower limb pain and lower back pain.  This design allowed us to formulate 
specific work boot fit recommendations by identifying which numerical gaps between a 
miner’s feet and their work boot structure were significantly associated (p < 0.05) with 
positive and negative work boot fit and comfort and increased or decreased likelihood of 
having foot problems, lower limb pain and/or lower back pain.   
5.2.6.4 Predictors of lower limb pain, lower back pain and foot problems 
A multivariate backward stepwise elimination logistic regression design was used to 
determine which objective measures of mining work boot fit were the strongest predictors 
of the self-reported lower limb pain, lower back pain and foot problems.  The numerical 
difference between the foot scans and boot moulds for each dimension variable 
(independent variables) was tested to see whether they predicted if a miner reported ‘yes’ 
to each separate dependent variable (ankle pain, knee pain, hip pain, lower back pain and 
foot problems).  The overall model and variable significance was set at an alpha of 0.05 
and performed using SPSS (Version 21, USA). 




5.3.1 Work Boot Fit and Comfort 
Significant relationships between the categorical variables representing the objective 
measures of mining work boot fit and the underground coal miners’ subjectively-rated 
work boot fit and comfort are presented in Table 6.  Comfort ratings were significantly 
affected by the measurement categories representing heel girth circumference (2 = 75.6, 
p = 0.001) and ball girth height (2 = 46.4, p < 0.001).  Fit ratings were significantly 
affected by the measurement categories representing instep height (2 = 39.8, p = 0.001) 
and ball girth height (2 = 32.2, p = 0.009).  No significant relationships were found 
between work footwear fit and comfort and the measurement categories representing foot 
length, foot breadth, ball girth circumference, heel breadth, toe 1 and toe 5 angle or toe 1 
and toe 5 height. 
5.3.2 Foot Problems, Lower Limb Pain and Lower Back Pain 
Significant relationships between the categorical variables representing the objective 
measures of mining work boot fit and the underground coal miners’ reported foot 
problems, lower limb pain and lower back pain are presented in Table 6.  Lower back pain 
incidence was significantly related to the measurement categories representing heel 
breadth (2 = 8.1, p = 0.015) and heel girth circumference (2 = 15.4, p = 0.038).  Of the 
miners who reported having foot pain, the measurement categories representing heel girth 
circumference significantly affected its occurrence (2 = 45.7, p = 0.005).  In terms of foot 
problems, the occurrence of bunions (2 = 37.4, p = 0.021) was related to the measurement 
categories representing ball girth circumference and the measurement categories 
representing callus frequency was related to instep height (2 = 9.33, p = 0.034).  Finally, 
  Chapter 5 
88 
 
the measurement categories representing instep height significantly affected hip pain 
incidence (2 = 12.7, p = 0.019). 
Of those miners who reported ankle pain, the measurement categories 
representing toe 5 angle had a significant effect on how frequently this pain occurred (2 
= 36.5, p = 0.013).  Gaps of +10-15 degrees (foot wider than the internal boot dimensions) 
were associated with this pain occurring ‘always’, whereas gaps of -10-15 degrees 
resulted in ankle pain occurring ‘very often’.  No significant relationships were found 
among foot problems, lower limb pain and lower back pain and the measurement 
categories representing foot length, foot breadth, toe 1 angle and toe 1 and 5 height.   
5.3.3 Predictors of Foot Problems, Lower Limb Pain and Lower Back Pain 
For foot pain, the omnibus test of model coefficients was significant (p = 0.045) with an 
overall prediction success of 57.3% power.  The numerical difference between the foot 
scans and boot moulds at the instep circumference and instep height measurement sites 
were the two predictors included in the stepwise model.  The foot scan-boot mould 
difference at the toe 1 angle measurement site was the only predictor included in the 
stepwise model for ankle pain (p = 0.050) with a prediction power of 72.8%.  These 
results, however, had low Nagaelkerke R Square values (0.044 and 0.30, respectively) 
and, on further investigation, the relationship between instep circumference and foot pain 
and toe 1 angle and ankle pain were only deemed trends (p > 0.05; see Table 3). 
The omnibus test of model coefficients was significant for whether a miner had 
lower back pain (p = 0.003), hip pain (p = 0.001) and foot problems (p = 0.014).  The 
numerical difference between the foot scans and boot moulds at the instep height 
measurement site significantly predicted (66.7% power) whether a miner had lower back 
pain, whereas the foot scan-boot mould difference at the instep height, foot breadth  
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Table 6:  Significant (p ≤ 0.05) relationships between the categories representing the objective measures of mining work boot fit and 
underground coal miners’ subjectively-rated work boot fit and comfort, reported foot problems, lower limb pain and lower back 
pain (n = 197). 
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comfortable 
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Lower back pain more likely 
'Often' foot pain 
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More likely to report 
very poor fit 
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and ball girth circumference measurement sites were significant predictors (88.4% 
power) of hip pain.  The foot scan-boot mould difference at the foot breadth and instep 
height measurement sites were also significant predictors (61.1% power) of whether a 
miner reported foot problems.  After further investigation, each dimension variable in the 
equation was significant (see Table 3), although the Nagaelkerke R Square values were 
low (0.062 lower back pain, 0.157 hip pain, 0.066 foot problems).  There were no 
significant multivariate predictive results in regards to whether a miner reported knee 
pain. 
 
Table 7:  Dimension variables for which the numerical difference between the foot 
scans and boot moulds significantly (p ≤ 0.05) predicted whether a miner 




Variable B  S.E. Wald  df  p Value Exp(B)  
Foot Pain 
Instep 
Circumference 0.027 0.016 2.813 1 0.094 1.028 
  Instep Height -0.067   0.28 5.874        1 0.015 0.935 
Ankle Pain Toe 1 Angle   0.06 0.031 3.632  1 0.057 1.062 
Lower Back Pain Instep Height  -0.68 0.024 7.9  1 0.005 0.934 
Hip Pain 
Ball Girth 
Circumference -0.103 0.047 4.82  1 0.028 1.257 
  Foot Breadth 0.229 0.102 4.974  1 0.026 0.871 
  Instep Height -0.139 0.045 9.609  1 0.002 0.002 
Foot Problems Foot Breadth 0.078 0.003 5.459  1 0.019 1.081 
  Instep Height -0.069 0.033 4.446  1 0.035 0.933 
 
a coefficient for the constant in the null model 
b standard error around the coefficient for the constant 
c Wald statistic 
d degrees of freedom 
e exponentiation of the B coefficient (odds ratio) 
  
b a c d e
e 




Mismatches between the shape of the feet of underground coal miners and the internal 
dimensions of their works boots are known to exist.  It remained unknown, however, what 
impact these mismatches had on the miners’ perceptions of work boot fit and comfort, 
reported foot problems, lower limb pain and lower back pain.  It was also unknown 
whether a continuum existed in which fit and comfort began to increase or decrease after 
a certain sized gap between the foot and the internal work boot structure and what 
dimension variables were predictors of pain.  The results of this study established that 
traditional footwear fitting methods based predominantly on foot length cannot be applied 
to underground coal mining footwear.  Instead, fit at the heel, instep and forefoot must be 
considered when fitting underground coal mining work boots because the foot scan-boot 
mould gap at these locations affect miners’ perceptions of work boot fit and comfort, 
reported foot problems, lower limb pain and lower back pain.  The implications of these 
novel findings are discussed below. 
5.4.1 Associations between Objective Measures of Mining Work Boot Fit 
and Subjectively-Rated Work Boot Fit and Comfort, Reported Foot 
Problems, Lower Limb Pain and Lower Back Pain 
 
The heel of the foot is rigid when compared to the midfoot and forefoot regions (Cheng 
and Perng, 1999).  The heel also plays a large role in shock absorption during activities 
such as walking.  When the heel contacts the ground, it positions the foot to rollover and 
allows the rest of the lower limb to move in a way that dampens the shock of the ground 
reaction force (Winter, 2009, Whittle, 2007, Perry, 1992).  If footwear fit at the heel is 
either too loose or too tight, foot function is altered, making fit of the heel critical (Cheng 
and Perng, 1999).  In contrast to our first hypothesis, a gap of 0-20 mm between the heel 
and the internal boot structure at the site where heel breadth and heel girth circumference 
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measurement sites was not enough to allow this natural heel movement.  Furthermore, 
gaps of greater than 30-50 mm between the heel and the internal boot structure at the heel 
breadth and heel girth circumference measurement sites appear to be too loose and allow 
too much movement.   
A fit mismatch in the heel region of a work boot is likely to be due to a lack of 
adjustability.  The forefoot and midfoot regions of a work boot, for example, can usually 
be adjusted by fastening methods such as laces (Cheng and Hong, 2010).  The rear part 
of shoes, on the other hand, is not adjustable.  Indeed, when assessing the fit of 85 
community-dwelling older adults (48 males and 37 females aged 60-78 years), Doi et al. 
(2010) found 86% wore shoes that were too loose and 60% of these results occurred in 
the heel region.  It is important that a shoe fits in the heel area because a moderately strong 
correlation exists between heel breadth and subjective fit ratings (Cheng and Hong, 2010).  
Results of the current study also showed associations between fit around the heel and 
subjective comfort ratings, further supporting the important contribution of heel fit to 
work boot comfort. 
Apart from influencing comfort ratings, lower back pain was more likely to be 
reported if there were smaller or larger heel breadth and heel girth circumference gaps 
between a miner’s foot and their internal work boot structure.  Based on this finding, we 
speculate that if the heel of a work boot is not fitted correctly foot motion is likely to be 
compromised.  This compromised foot motion, in turn, could interfere with the ability of 
the foot to dissipate the ground reaction forces generated during walking, such that 
additional force travels up the lower limb to the lower back (Winter, 2009, Whittle, 2007, 
Perry, 1992).  However, further research is needed to confirm or refute this notion.  
Nevertheless, in order to provide comfortable work boots, and potentially reduce the risk 
of lower back pain in underground coal mining, it is recommended that a gap of 20-30 
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mm is available between the foot and the edge of the boot at the sites were heel breadth 
and heel girth circumference are measured. 
It was suggested in Chapter 4 and previous research that foot breadth fit played a 
large role in footwear satisfaction (Barton et al., 2009, Witana et al., 2004, Tremaine and 
Awad, 1998, Janisse, 1992, Rossi, 1988).  However, we did not find any significant 
associations between the foot scan-boot mould gap at the location where foot breadth was 
measured and the miners’ subjectively-rated work boot fit and comfort, reported foot 
problems, lower limb pain or lower back pain (Barton et al., 2009, Witana et al., 2004, 
Tremaine and Awad, 1998, Janisse, 1992, Rossi, 1988).  In contrast, we found the foot 
scan-boot mould gap at the location ball girth height was measured to be the main forefoot 
dimension that was related to perceptions of fit and comfort.  It is difficult, however, to 
compare our research, in which we characterised forefoot fit using several different 
measures, to previous studies that referred to the forefoot using only forefoot breadth (Au 
and Goonetilleke, 2007).  In fact, it might be the height and circumference of the ball of 
the foot that is more important in regards to forefoot fit rather than just foot breadth.  This 
notion is supported by the results of a study, which used similar methods to our current 
research, where 316 female participants (19-35 years of age) had their feet measured and 
perceptions of overall shoe fit recorded (Nácher et al., 2006).  The results revealed that 
although forefoot breadth was not a significant variable in logistic models predicting 
acceptable footwear fit, ball girth was significant likely due to ball girth being closely 
related to the anatomical shape of the forefoot area (Nácher et al., 2006).  Therefore, 
measurements of ball girth rather than foot breadth are likely to be more beneficial, in 
regards to wearers’ perceptions of their footwear fit, when fitting work boots.   
When walking it is important that the foot is able to roll from lateral to medial 
across the ball of the foot, with toe 1 (the hallux) being able to flex and push-off the 
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ground during propulsion (Winter, 2009, Perry, 1992).  Restricting motion of the ball of 
the foot, as a result of a boot being too tight, is likely to negatively influence this roll over 
process and generate excessive pressure on the ball of the foot.  Excessive pressure where 
the foot contacts the edge of the boot can cause tissue compression, making it 
uncomfortable for the wearer (Au and Goonetilleke, 2007).  This notion perhaps explains 
the comfort and fit ratings in the current study where ball girth height gaps of less than 
10 mm between a miner’s foot and the edge of their work boot led to poor comfort and 
fit ratings.  When the ball girth height of the work boot was smaller than the ball girth 
height of the miners’ feet, fit was rated as poor and comfort was rated as uncomfortable.  
Previous research has identified footwear that is too tight most commonly resulted from 
inadequate fit in the forefoot region (Doi et al., 2010).  In contrast, footwear that allows 
too much movement at the ball girth circumference is likely to hinder the foot’s ability to 
stabilise and create a rigid lever within the shoe, particularly leading into the propulsive 
phase of walking.  This instability, particularly around the hallux, is likely to create foot 
problems such as bunions, as well as being uncomfortable (Benson, 2016, de Castro et 
al., 2014, Marr, 1999).  It is recommended that a gap of at least 10-20 mm should be left 
between the top of the foot where the ball girth measurement is taken and the work boot, 
with 20-30 mm being ideal.  However, if this gap at the site of the ball girth measurement 
exceeds 30-40 mm the work boot is likely to be uncomfortable and increase the risk of 
foot problems such as bunions.   
Apart from ball girth height and circumference, the angle of the fifth toe must also 
be considered when fitting underground coal mining work boots.  When the angle of toe 
5 of the miners’ feet was either 10-15⁰ greater or 10-15⁰ less than what the shape of their 
work boot allowed, ankle pain was more likely to be reported.  In order for the ankle to 
naturally plantar flex and dorsiflex while walking, the forefoot needs to pronate as it 
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contacts the ground before moving back into supination during the stance phase of gait 
(Winter, 2009, Whittle, 2007, Perry, 1992).  Too much or not enough movement around 
the lateral side of the forefoot near toe 5 could lead to unnatural foot motion, requiring 
the ankle to have to compensate, potentially explaining the increased likelihood of ankle 
pain.  However, this result needs to be interpreted with caution because the moulds that 
represented the internal boot dimensions did not have discrete toes and the locations of 
the first and fifth toes had to be approximated.  Therefore, further research is 
recommended to explore the relationship between variations in toe 5 angle and ankle pain. 
Too much foot movement at the instep also appears to be problematic.  The instep 
is formed by the navicular and first two cuneiform bones articulating with the first three 
metatarsal bones to form the large arch on the plantar surface of the foot (Rossi, 2000).  
It is important for footwear to support the instep in order to maintain this arch, particularly 
in occupations that require prolonged walking (Gamm, 1985).  In the current study gaps 
of 30-40 mm between the foot and internal work boot at the instep height measurement 
site were associated with higher reported hip pain.  Pelvic rotation during walking 
depends on the position of the knee, which in turn, depends on the position of the ankle 
and foot (Winter, 2009, Whittle, 2007, Perry, 1992).  Therefore, any unnatural rollover 
of the foot due to too much room at the instep may explain the link between hip pain and 
instep height fit.  Indeed, excessively loose shoes have previously been shown to affect 
gait by altering foot position (Doi et al., 2010).  A gap of 10-20 mm between the foot and 
the work boot at the instep height measurement site appears to be adequate to provide a 
better fit, being not too loose (and leading to possible hip pain) and not too tight, which 
can cause calluses due to high friction.  This notion, however, requires further research to 
examine the influence of variations in fit across the instep of the foot on alterations in 
lower limb kinematics and kinetics while walking. 
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In contrast to H1, the gap between a miner’s longest toe and the end of their work 
boot did not influence the miners’ perceptions of work boot fit and comfort or their 
reported foot problems, lower limb pain and lower back pain.  This finding is consistent 
with several other recent studies that have examined footwear fit (Cheng and Hong, 2010, 
Xiong et al., 2008, Au and Goonetilleke, 2007, Nácher et al., 2006, Witana et al., 2004).  
Furthermore, in contrast with H1, a gap of 0-10 mm between a miner’s foot and their 
internal work boot in terms of width, circumference and height was insufficient to ensure 
proper fit and comfort.  Instead, a gap of 10-20 mm appeared to be the minimum 
requirement at the site where instep height, ball girth height and ball girth circumference 
are measured. 
5.4.2 Predictors of Foot Problems, Lower Limb Pain and Lower Back Pain 
Traditionally when fitting footwear, the length of the foot relative to the end of the shoe 
was prioritised as the standard measurement of fit (Rossi, 1988).  When footwear does 
not fit properly it causes the foot to move unnaturally.  Unnatural foot movement not only 
increases pain risk at the foot by causing it to rely on secondary structures, such as the 
muscles and ligaments for support, but it can also increase the risk of pain further up the 
lower limb chain at the ankle, knee and/or hip (Böhm and Hösl, 2010, Doi et al., 2010, 
Luximon et al., 2003, Neely, 1998, Hamill and Bensel, 1996).  In contrast to H2, gaps 
between the length of a miner’s foot and the end of their work boot was not a significant 
predictor of whether a miner reported lower limb pain, lower back pain or foot problems.  
However, in agreement with H2, for every one unit increase in the foot scan-boot mould 
gap at the foot breadth measurement site, the odds of a miner reporting hip pain or foot 
problems increased by approximately 5%.  The foot scan-boot mould gap at the toe 1 
angle and ball girth circumference measurement sites were also significantly related to 
the odds of a miner developing ankle pain and foot problems, and hip pain, respectively.  
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These findings suggest fit at the forefoot is more important than the fit of the foot length 
wise.  It also appears foot breadth is not the only measure that should be taken at the 
forefoot with toe 1 angle and ball girth circumference fit playing a role in predicting the 
occurrence of lower limb pain. 
Apart from the forefoot, the foot scan-boot mould gap at the instep height 
measurement site was also a significant predictor of whether a miner reported lower limb 
pain and lower back pain.  For every one unit increase in the foot scan-boot mould gap at 
the instep height measurement site the odds of a miner reporting lower back pain or hip 
pain decreased by approximately 8% and 10%, respectively.  Multiple studies (Luximon 
and Luximon, 2009, Witana et al., 2004, Tremaine and Awad, 1998) discuss the 
importance of designing footwear moulds that adequately accommodate the instep but as 
far as the authors know, there is no research investigating the fit of the height of the instep 
in regards to lower limb pain and lower back pain.  Perhaps this is due to the fastening 
method of footwear, such as laces or zippers, controlling the fit at the instep area in other 
footwear (Nácher et al., 2006).  In underground coal mining the most commonly worn 
footwear is a gumboot, which is slip-on footwear (see Chapter 2).  Therefore, the fit at 
the instep cannot be adjusted in a gumboot, providing the most likely explanation for this 
result.  This novel finding, however, requires further investigation to provide a better 
understanding of how instep height can influence the incidence of lower limb pain and 
lower back pain. 
Differences in the participant group, walking environment and type of footwear 
most likely explain the dissimilarity between the current study and a study by Cheng & 
Hong (2010) where a low correlation between subjective fit ratings and ball girth 
circumference and instep circumference was found in 15 healthy males (age 22.27 ± 2.05 
years, height 175.3 ± 3.23 cm, weight 68.03 ± 7.49 kg).  Whether the present results were 
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due to the demands of underground coal mining, where it is vital to have foot movement 
in the medial-lateral direction on uneven surfaces, remains unknown.  The materials 
underground coal mining work boots are made out of might also be playing a role.  
Leather is less pliable than elastane materials, meaning a larger gap should be created 
initially to compensate for the edge of the shoe not deforming with wear (Menz et al., 
2014, Rossi, 1988).   
5.4.3 Limitations 
Once a shoe is ‘broken in’ the dimensions and shape of the shoe can change (Rossi, 1988).  
Therefore, the mismatching points between the feet and the internal boot dimensions 
identified in the current study may differ after a miner has worn their boots in.  This, 
however, will depend on the footwear material whereby leather, for example, tends to 
have less give than rubber initially (Rossi, 1988).  Wear testing of work boots that have 
been worn during underground mining conditions is vital in future research to confirm 
how footwear deforms due to wear and whether this is affected by boot material.  The 
thickness of the socks worn by an underground coal miner would also play a role in 
overall work boot fit by influencing mismatching points between the feet and internal 
boot dimensions.  As the main aim of this study was to investigate whether there were 
associations between objective and subjective measures of work boot fit we scanned the 
feet of the miners when they were barefoot to remove any inconsistency associated with 
variations in sock thickness.  Future studies investigating work boot fit out in the field 
need to account for sock thickness and could potentially use socks as a way to manipulate 
the shape of the foot inside the boot to achieve better fit. 
Backward stepwise logistic regression can create bias and over simplification 
when based on the same data set and when there are a large number of variables.  Future 
research with a more specific data set across different populations is therefore 
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recommended to confirm the exploratory results of the current study.  Overall perceptions 
of fit and comfort are subjective and involve individual preferences pertaining to shoe 
looseness and tightness (Cheng and Hong, 2010).  It is difficult to determine whether the 
results of the present study were due to differences in tactile sensitivity, alterations in foot 
functioning or both (Menz et al., 2014).  Interpreting the results is further confounded in 
that discomfort/pain thresholds differ depending on the area of the foot (Au and 
Goonetilleke, 2007, Luximon et al., 2003, Goonetilleke et al., 2000). 
5.5 Conclusions 
Traditional footwear fitting methods based predominantly on foot length cannot be 
applied to underground coal mining footwear.  Fit at the heel, instep and forefoot are key 
areas that require consideration when fitting underground coal mining work boots, not 
just a standard-length measurement.  Further research is needed to confirm the results of 
the present study and to examine more closely the numerical threshold between objective 
and subjective footwear fit.  By examining multiple populations and footwear styles a 
gold standard of footwear it that ensures wearer satisfaction for underground coal miners 
could be developed.  
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This chapter is an amended version of the published manuscript: Dobson, J.A., Riddiford-
Harland, D.L., Bell, A.F. & Steele, J.R.  2017.  Work boot design affects the way workers 
walk: A systematic review of the literature.  Applied Ergonomics, 60, 146-153. 
Abstract 
Safety boots are compulsory in many occupations to protect the feet of workers from 
undesirable external stimuli, particularly in harsh work environments.  The unique 
environmental conditions and varying tasks performed in different occupations 
necessitate a variety of boot designs to match each worker’s occupational safety and 
functional requirements.  Unfortunately, safety boots are often designed more for 
occupational safety at the expense of functionality and comfort.  In fact, there is a paucity 
of published research investigating the influence that specific variations in work boot 
design have on fundamental tasks common to many occupations, such as walking.  This 
literature review aimed to collate and examine what is currently known about the 
influence of boot design on walking in order to identify gaps in the literature and develop 
evidence-based recommendations upon which to design future research studies 
investigating work boot design. Most previous studies have focused on a range of 
footwear, rather than just work boots, and they have compared vastly different footwear 
designs, making valid conclusions on the influence of specific design features difficult.  
Boot shaft height and stiffness, boot mass and boot sole flexibility appear to be specific 
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boot design features that are likely to contribute to walking efficiency in the work place, 
but further research is needed to confirm or refute this notion.   
6.1 Introduction 
Safety boots provide an interface between the foot and the ground, protecting the foot 
from undesirable external stimuli, particularly in harsh work environments.  Occupational 
environments and the tasks performed by workers vary widely among different industries, 
necessitating a variety of work boot designs to match unique workplace safety 
requirements.  There is a reoccurring issue, however, as occupational footwear appears to 
be designed more for occupational safety at the expense of functionality and comfort. 
Standards exist specifying the design, construction and classification of safety boots 
(Australian/New Zealand Standard, 2010).  The design features focus on reducing injuries 
to the feet resulting from contact with objects, objects piercing the sole or upper, friction 
or pressure blistering, hazardous material contact and slipping (Australian/New Zealand 
Standard, 2010).  Hence, some of the primary design features that differ among work boot 
styles include the materials from which boots are made, the need for waterproofing, the 
height of the shaft, whether a steel safety cap and/or closures are required and the stiffness 
and design of the sole (see Figure 23 and Figure 24).  Even within a single occupation, 
such as the military, boots are often task and environment specific (e.g. a combat boot 
versus a jungle boot; Hamill and Bensel, 1996).  Despite numerous design variations 
among work boots, there is a paucity of published research systematically investigating 
the influence these variations have on even fundamental tasks common to most 
occupations, such as walking. 
Walking often constitutes a large component of the day-to-day activity in 
occupations that require safety work boots (Marr, 1999, Smith et al., 1999; see Chapter 
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2).  In such occupations it is imperative that an individual’s work boots meet the demands 
placed on their lower limb while walking and when performing other working tasks.  
Otherwise, the risk of these workers incurring a lower limb injury is increased, whether 
it is an acute injury, such as a sprain/strain due to slipping/tripping, or a chronic injury, 
such as overuse due to prolonged walking (Böhm and Hösl, 2010, Smith et al., 1999, 
Hamill and Bensel, 1996, Marr, 1999, Marr and Quine, 1993).  Lower limb injuries are 
prevalent in occupations that involve prolonged walking (WorkCover NSW, 2010).  In 
underground coal mining, an industry where workers spend an average of 8 hours walking 
per shift (see Chapter 2), 700 serious lower limb injuries were reported annually (personal 
communication with industry, March 2016; Safe Work Australia, 2016).  Of these serious 
lower limb injuries, ankle injuries alone contributed to a median workers compensation 
cost of $5800 and 4.4 weeks off work (personal communication with industry, March 
2016; Safe Work Australia, 2016).   
It has been postulated that abnormal loading of the lower limb at the shoe-to-
surface interface while walking can partly contribute to this high incidence of lower limb 
injuries (Böhm and Hösl, 2010, Hamill and Bensel, 1996).  Boot design can alter the way 
the foot moves while walking, affecting the way the ground reaction forces are distributed 
throughout the lower limb (Redfern et al., 2001).  If the lower limb is forced to move in 
a way that opposes its natural structural alignment, excess strain can be placed on the 
supporting anatomical structures, such as the ligaments, tendons and muscles, to maintain 
equilibrium (Böhm and Hösl, 2010, Hamill and Bensel, 1996, Neely, 1998).  For example, 
when normal ankle range of motion is restricted, the knee is forced to compensate for a 
load the ankle is unable to absorb, increasing the risk of sustaining knee strain injuries 
(Böhm and Hösl, 2010).  Indeed, decreased eccentric loading at the ankle joint but 
increased eccentric loading at the knee joint was displayed when 15 healthy young men 
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(mean age = 29 ± 5 years) walked over a coarse gravel surface, while wearing a hiking 
boot that restricted ankle range of motion (Böhm and Hösl, 2010).  Even with this 
increased lower limb injury risk associated with changes to joint motion and loading 
caused by footwear, very little systematic research has investigated the effects of work 
boot design on lower limb motion or loading during walking. 
 
Figure 23:  Distinct design features of work boots (adapted from 
hotboots.com/bootinfo/terms.html and oliver.com.au).  




Figure 24:  Blundstone® work boots displaying different design features 
(blundstone.com.au). 
 
Traditionally, studies that examined the effects of work boot design during 
walking predominantly focused on the boot-surface frictional properties in an attempt to 
minimise slip-related injuries (Ramsay and Senneck, 1972).  Slip-related injuries alone, 
only account for approximately 14% of all labourer and related worker injury claims 
annually (WorkCover NSW, 2010).  It is therefore necessary to systematically investigate 
other aspects of boot design in order to determine how they affect the way workers walk 
in their occupational environment and, in turn, the risk of lower limb injuries that are not 
slip-related.   
Interactions among the supporting surface, shoe and human body create a three-
part system whereby changes in footwear can influence walking (Frederick, 1986).  
Substantial research exists documenting how different non-work related footwear types 
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influence biomechanical variables that characterise walking, such as kinematics (joint 
ranges of motion, segmental alignment and temporal-spatial patterns), kinetics (ground 
reaction forces, joint moments and plantar pressure distributions) and electromyography 
(muscle activity patterns).  For example, numerous studies have identified differences in 
variables characterising walking between shod and barefoot conditions (Bishop et al., 
2006, Bonacci et al., 2013, Shakoor and Block, 2006), shoes of varying sole 
hardness/texture (Demura and Demura, 2012, Hardin et al., 2004, Kersting et al., 2005, 
Nigg et al., 2003, Nurse et al., 2005, Wakeling et al., 2002), differences between standard 
and athletic shoes (Bourgit et al., 2008, Kong et al., 2009, Lee et al., 2011) and unstable 
footwear (Myers et al., 2006, Nigg et al., 2006, Scott et al., 2012).  However, research 
quantifying how work boot design influences walking biomechanics is much more sparce 
and lacking conclusive results.  Hence, the purpose of this review article is to collate and 
examine the existing literature related to how boot design can influence walking.  The 
results of this review will allow us to identify gaps in the literature and to provide 
evidence-based recommendations upon which to design future research studies 
investigating work boot design.   
6.2 Literature Search Strategy 
An initial search, limited to English and including all available years, was conducted in 
August 2016 using MEDLINE (1964+), Scopus (1960+) and Web of Science (1965+) to 
identify journal articles associated with the effects of boot design on biomechanical 
variables characterising walking (see Figure 25).  Several searches were conducted 
combining the keyword ‘boot’ with the terms “walk*” AND “gait” AND “?motion”, 
“kinematics” AND “kinetics”, “electromyography” OR “EMG”.  Gait was selected as a 
search term as walking is a form of gait in which at least one foot remains in contact with 
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the ground.  Searches across the three databases returned 342 papers with 15 papers 
identified for review.  Papers were only included in this review if they examined how 
boot design affected walking.  Papers relating to rehabilitation boots (sometimes also 
referred to as walking boots) were excluded as these boots are designed specifically for 
recovery from injury or pathology rather than performing occupational tasks.  Shoes and 
other footwear were not included unless they had design features similar to that of boots 
and/or were directly compared to boots.  Additional relevant published papers were then 
obtained from the reference lists of the sources located in the databases.  A total of 18 
papers were suitable for review (see Table 8).  Although these 18 papers were 
systematically reviewed, additional articles have been included to help explain and 
support information presented throughout the review. 
















Figure 25:  Literature search strategy. 
Boot* AND gait AND walk* 
AND ?motion: 
 14 in Medline 
 106 in Scopus 
 20 in Web of Science 
Boot* AND kinematics AND 
kinetics: 
 6 in Medline 
 17 in Scopus 
 14 in Web of Science 
Boot* AND 
electromyography OR EMG: 
 46 in Medline 
 75 in Scopus 
 45 in Web of Science 
3 added articles from 
references 
18 articles for 
review 
Excluded articles: 
 Non English 
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Main boot design 
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walking: 
 Shaft Height 
 Shaft 
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Study Aim Participants 
Study 
Type 





underlying loading factors 
responsible for metatarsal 
II deformation  
Experiment 1: 2 men of 
distinctly different mass 
(participant 1 = 31 yr; 90 kg, 
participant 2 = 35 yr; 70 kg).  
Experiment 2: 6 participants 




Flexible vs stiffer soled boot.  Experiment 
1: walking on a level treadmill (3.5 km/h) 
for 3 h carrying a backpack of 45% 
bodyweight.  Experiment 2: treadmill 
walking (3 km/h) with 20 kg backpack, 30-
60min (depended on voluntary fatigue)  
More flexible sole = ↑ metatarsal II 






Investigate the influence 
of boot shaft stiffness on 
gait performance on 
uneven surface 
15 healthy men (29 ± 5 yr; 77 





Walking (controlled self-selected) on 
gravel in two different hiking boots 
varying by 50% in passive shaft stiffness   
Stiffer shaft = ↓weight acceptance 
time, ↓ ankle range of motion, ↑ knee 
and ↓ankle eccentric energy 






Examine differences in 
balance while participants 
walked for extended durations 
wearing different types of 
occupational footwear 
14 healthy men (23.6 ± 
1.2 yr; 89.2 ± 14.6 kg; 





Standing balance tests (NeuroCom 
Equitest) performed prior to walking (self-
selected) on a vinyl floor and every 30 
minutes until 240th minute in 3 types of 
occupational footwear (low-cut shoe, 
tactical boot, work boot) 
Low-cut shoe = ↑ postural sway  Work  
Chiou 
(2012) 
Investigate the effect of boot 
weight and sole flexibility on 
spatio-temporal 
characteristics and 
physiological responses of 
male and female firefighters 
in negotiating obstacles 
14 healthy experienced 
male (28.4 ± 5.5 yr; 94.6 
± 15.6 kg; 178.5 ± 5.8 
cm) and 13 female (33.2 
± 4.4 yr; 67.9 ± 8.0 kg; 







Walking (controlled) and stepping over 4 
obstacles (2 high + 2 low) on a 12 m long 
walkway in firefighter boots varying in 
mass and sole flexibility while wearing 
work gear and carrying a hose 
↑ boot mass = ↓ trailing toe clearance 
and ↑ heel contact velocity  







Investigate the influence of 
boot-shaft stiffness on 
kinematics and kinetics during 
walking of participants with 
and without carrying a 
20 kg backpack 
9 men (24.7 ± 2.1 yr; 73.9 





Walking (self-selected) on a 7 m long 
runway in two different military boots with 
apparently different boot shaft stiffness 
More flexible shaft = ↑ peak power 
during push-off, ↑ dorsiflexion during 
midstance and terminal stance and 






















Investigate the effects of 
wearing two standard 
underground coal mining 
work boots (a gumboot and a 
leather lace-up boot) on lower 
limb muscle activity when 
participants walked across 
simulated underground coal 
mining surfaces 









Walking (self-selected) around a circuit 
(level, inclined and declined surfaces 
composed of rocky gravel and hard dirt) in 
two different underground coal mining work 
boots (gumboot and leather lace-up boot) 
Leather lace-up boot = ↑ vastus 
lateralis muscle activity at initial contact 
on decline and ↑ biceps femoris muscle 






Examine the differences in 
balance and gait in 
professional firefighters 
wearing rubber and leather 
boots participating in 
a fire simulation activity 
12 professional male 





2 x 3 min simulated firefighter stair climb 
(60 steps/min) wearing 50 lb weighted 
vest (simulate typical PPE) and 25.7 kg 
weights on shoulders (simulate weight of 
hose bundle) in two different firefighting 
boots (leather and rubber) 
Rubber boot = ↑ sway and ↑ decrement 






Develop recommendations for 
future military footwear with 
regard to materials, design, 
construction, fabrication 
techniques, and any other 
features that would benefit 
the performance and the 
lower extremity health of 
military personnel, particularly 
ground troops 
Reserve Officer Training 
Corps and university 
students: 15 men (25.5 ± 
5.6 yr; 77.8 ± 13.7 kg; 
178 ± 6 cm) and 15 
women (22.5 ± 1.6 yr; 






Walking (controlled), marching, running, 
jumping from heights and running an 
agility course in a variety of boots 
(combat boot, jungle boot, Reebok pump, 
Nike cross-trainer, Rockport hiking boot, 
Red Wing work boot) 
Combat boot, jungle boot and work 
boot = ↑ metatarsal flexion and limited 
dorsiflexion during walking, marching 
and running  
Reebok pump and Nike cross-trainer = 
↑ centre of pressure excursion when 




Kim et al.  
(2015) 
Analyse the effects of muscle 
activity on walking according 
to various shoes frequently 
worn by young women 
15 female university 
students (20.5 ± 0.5 yr; 





Walking (4 km/h) on a treadmill for 30 min 
in 3 different types of footwear (Converse 
sneaker, rain boot and combat boot) 
Rain boot vs.  Converse sneaker = ↑ 
vastus medialis muscle activity 
Combat boot vs.  rain boot = ↑ vastus 
medialis muscle activity 
Rain and 
military 
Lin et al.  
(2007) 
Evaluate the significance of 
boot sole properties for 
reducing fatigue, to evaluate 
the effect of load carrying and 
walking on biomechanical, 
physiological and 
psychophysical responses 
12 healthy female 
students (24.2 ± 1.9 yr; 






Walking (3.1 km/h) on a 6 m walkway for 5 
mins (repeated for an hour) in 3 boots with 
different outsole cushioning   
Boot C (with less elasticity and shock 
absorption) = ↑ GRF and higher 
discomfort ratings than boot A (greater 
















et al.  
(2006) 
Observe the temporal spatial 
parameters of gait while 
walking barefoot, 
with bathroom slippers and 
military boots on, respectively 
and to look into the possible 
existence of any differences 
in gait pattern in these three 
conditions 
8 healthy infantry soldiers 
(26.7 ± 2.7 yr; 59.3 ± 5.1 





Walking (self-selected) on a 10 m platform 
barefoot and 2 different types of footwear 
(military boots and bathroom slippers)  
Military boot vs.  barefoot = ↓ step 
length and stride length, ↑ cadence, ↓ 
swing phase and single support time 
and ↓ total support time and initial 




Investigate the effects of 
standard issue CAB (combat 
assault boot) and GT (gym 
trainer) on factors proposed 
to be associated with MT3 
(third metatarsal) stress 
fracture risk 
7 injury-free physically 
active male university 
volunteers familiar with 
wearing and running in 
combat boots  (18.3 ± 0.4 




Running (3.6 m/s) across a force plate in 2 
different types of standard military footwear 
(combat assault boot and gym trainer) 
Combat assault boot = ↑ peak plantar 
pressure, impulse and loading rate 
under MT3, smaller and earlier peak 
ankle dorsiflexion, later heel-off, greater 
magnitudes of peak plantarflexion 
moment and ankle joint stiffness and 
more lateral resultant horizontal force 
vector at the instant of peak horizontal 
breaking force 
Military  
Park et al.  
(2015) 
Assess the incremental 
impact of each item of 
personal protective 
equipment on the gait 
performance of male and 
female firefighters 
8 male firefighters (28.6 ± 
8.3 yr, 183.5 ± 3.8 cm, 
weight: 85.5 ± 15.7 kg) 
and 4 female firefighters 
(31.5 ±13.5 yr, 170.8 ± 






Walked 10 m (self-selected) wearing a 
turnout coat and pants (5.74 ± 0.79 kg), 
SCBA air tank (8.1 kg) on their back and 
either running shoes or rubber pull-up 
bunker boots 
Rubber boot =  
Sagittal plane: ↓ ankle plantarflexion- 
dorsiflexion and ball of foot flexion-
extension range of motion 
Frontal plane:  ↑ ankle inversion- 
eversion and ball of foot abduction-
adduction range of motion 
Transverse plane: ↓ ankle intra-extra 
rotation and ↑ ball of foot intra-extra 
rotation range of motion 
Firefighting 
Schulze 
et al.  
(2011) 
Identify the influence of 
footwear shape and material 
on the muscles of the lower 
extremities.  Also analyse if 
there is a link between 
strained muscles and the 
occurrence of 
musculoskeletal complaints  
37 soldiers (36 men; 29 
yr; 81.5 kg; 177.8 cm).  






Walked (3.2 km /h ) on a treadmill in 5 
different types of shoes (leather dress, 
combat boot, outdoor old, outdoor new, 
indoor) 
Combat boot = ↑ muscle activity of 

















et al.  
(2008) 
Investigate footwear style 
effects on worker’s walking 
balance in a challenging 
construction environment 
24 male construction 
workers (39 yr; 86.4 ± 






Walking (self-selected) on 3 m roof 
planks in a surround-screen virtual reality 
system, simulating a residential roof 
environment.  3 common athletic shoes 
(running, basketball and tennis) and 3 
work styles (low-cut shoe, work boot and 
safety boot) tested on wide (25 cm), 
narrow (15 cm) and tilted (14°) planks 
On roof planks, high cut footwear = ↓ trunk 
and rearfoot angular velocity when compared 
to low-cut.  On tilted plank, high cut footwear 
= ↑ rearfoot angular velocity when compared 







Examine the kinetics and 3D 
kinematics of the PT-03 and 
PT100 footwear in relation to 
conventional army boots 
13 male runners, 
completing a minimum of 
35 km per week (26.7 ± 
5.2 yr; 69.5 ± 14.6 kg; 






Ran (4 m/s) on a 22 m laboratory floor in 3 
types standard military footwear (army 
boot, PT-03 and PT1000 athletic shoes) 
Army boot = ↑ impact loading and ankle 




Examine patellofemoral joint 
loading when running in 
military boots, when 
compared to cross-trainer and 
running shoe conditions using 
a biomechanical modelling 
approach. 
12 male recreational 
runners who at least 3 
times per week and had a 
minimum of 3 years 
running experience (26.3 
± 5.9 yr; 73.9 ± 5.2 kg; 






Ran across a 22 m laboratory floor (4.0 
m/s ± 5%) in 3 types standard military 
footwear (army boot, PT-03 and PT1000 
athletic shoes) 
 
Army boot = ↑ knee extensor moment, 
patellofemoral contact pressure and 
patellofemoral contact force 




Investigate the effects of 
lower limb muscle fatigue 
generated while walking in 
rain boots of different shaft 
lengths, on balance abilities 
according to 
visual feedback 
12 healthy female 
students (20.5 ± 0.5 yr; 





Treadmill walking (4 km/h) 30min to induce 
muscle fatigue.  Romberg’s test of stability 
limits pre and post walking in rain boots 
with 3 different shaft heights (40 cm, 29 cm 
and 17 cm) 
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6.3 Quality Assessment 
Methodological quality of the reviewed studies was assessed using the Quality Index 
(Downs and Black, 1998) and performed by the primary author (see Table 9).  The Quality 
Index is a reliable and validated checklist designed to evaluate randomised and non-
randomised studies of health care interventions (Downs and Black, 1998).  The Quality 
Index was previously used in a review of the effect of children’s shoes on gait because it 
was considered appropriate in rigour with shoes treated as a ‘health intervention’ 
(Wegener et al., 2011).  To determine the index, a potential overall score of 32 is 
calculated across 27 items organised into five subscales.  Ten items assess study reporting 
(including reporting of study objectives, outcomes, participants characteristics, 
interventions, confounders, findings, adverse events and probability); three items assess 
external validity (the ability to generalise the results); seven items assess internal validity 
- selection bias (bias in the measurement of the intervention); six items assess internal 
validity - confounding (bias in the selection of study participants); and one item assesses 
study power (whether negative findings from a study could be due to chance; Wegener et 
al., 2011).  The papers in the current study scored an average of 21 out of 32 where 
blinding of experimental conditions and participant/task selection caused a consistent loss 
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Arndt et al. (2003) 5 0 4 1 1 11 
Böhm & Hösl (2010) 8 1 5 5 5 24 
Chander et al. (2014) 8 0 5 3 5 21 
Chiou (2012) 8 1 5 2 5 21 
Cikajlo & Matjacic (2007) 9 0 5 4 5 23 
Dobson et al. (2015) 9 2 5 4 5 25 
Garner et al. (2013) 6 1 4 4 5 20 
Hamill & Bensel (1996) 8 2 5 5 5 25 
Kim et al. (2015) 6 1 5 3 5 19 
Lin et al. (2007) 7 0 5 5 5 22 
Majumdar et al. (2006) 6 0 5 3 5 19 
Nunns et al. (2012) 9 1 5 3 4 22 
Park et al. (2015) 8 1 5 4 5 25 
Schulze et al. (2011) 6 1 5 3 5 20 
Simeonov et al. (2008) 9 2 5 4 5 25 
Sinclair and Taylor (2014) 9 0 5 3 5 22 
Sinclair et al. (2015) 7 0 5 4 5 21 
Yang et al. (2015) 7 0 5 3 5 20 
 
6.4 Boot Design and Walking 
The 18 studies investigating the effect of boot design on walking focused on comparing 
different boots relative to one another and other types of footwear rather than 
systematically comparing boot design features in isolation relative to a standard boot (see 
Table 10).  The study by Majumdar et al. (2006) exemplifies the difficulties created in 
terms of understanding the influence of boot design on lower limb motion during walking.  
The gait of eight healthy infantry soldiers (26.7 ± 2.7 years of age; 59.3 ± 5.1 kg mass; 
164.8 ± 4.4 cm height) was analysed when the study participants walked barefoot, while 
wearing bathroom slippers and while wearing military boots (see Figure 26).  Although 
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significant between-condition differences were found in the temporal-spatial variables 
characterising walking, the footwear conditions were too different to provide meaningful 
insight into the influence the military boot design had on walking.  Despite this limitation, 
the reviewed studies highlighted some key features of boot design that appeared to 
influence walking and therefore warrant further consideration.  These key boot design 
features (shaft height, shaft stiffness, boot mass and sole flexibility) and how they appear 
to influence variables of gait, are summarised below. 
Table 10: Summary of the variables characterising walking that have been measured 
and the boot design features investigated in the reviewed studies 
 
Reference Gait Variable Boot Design Features 
Arndt et al.  
(2003) 
Stance phase in-shoe pressure (force time 
integrals under the heel, metatarsal heads, 




Stance phase kinetics (ground reaction force 
(GRF); ankle knee and hip concentric and 
eccentric joint energies) kinematics (spatio-
temporal; ankle knee and hip joint range of 
motion) and electromyography (muscle co-
contraction index of muscle antagonistic pairs 
at the knee and ankle joints) 
Shaft stiffness 
Chander et al.  
(2014) 
Standing balance in-shoe pressure (centre of 
pressure used to calculate sway parameters of 
average sway velocity and root mean square 
in the anterior-posterior and medial-lateral 
directions) 
Mass, shaft height, sole 
flexibility 
Chiou (2012) Whole gait cycle kinematics (spatio-temporal; 
toe clearance) 




Stance phase kinematics (ankle, knee and hip 
joint angles; trunk and pelvis tilt) and kinetics 
(ankle, knee and hip joint moments and 
powers) 
Shaft stiffness 
Dobson et al.  
(2015) 
Initial contact and pre-swing kinematics (knee 
and hip joint angles; stance and swing timing) 
and electromyography (quadriceps and 
hamstring muscle intensity) 
Mass, shaft stiffness, sole 
flexibility 
Garner et al.  
(2013) 
Standing balance in-shoe pressure (centre of 
pressure used to calculate sway velocity in the 
anterior-posterior and medial-lateral 
Mass 
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directions) and kinetics (knee flexor/extensor 
and ankle flexor/extensor peak torque) 
Hamill and 
Bensel (1996) 
Whole gait cycle kinetics (GRF), kinematics 
(spatio-temporal; rearfoot movement; ankle, 
knee, hip and metatarsal maximum joint 
angles, velocity and time to maximum 
flexion/extension), electromyography (thigh 
and lower leg muscle burst duration) and in-
shoe pressure (peak heel pressure, peak 
forefoot pressure and centre of pressure 
excursion)  
Mass, shaft stiffness, sole 
flexibility 
Kim et al.  
(2015) 
Whole gait cycle electromyography (leg root 
mean square) 
Mass 
Lin et al.  
(2007) 
Whole gait cycle kinetics (GRF), kinematics 
(lumbar, ankle, knee and hip maximum 
flexion/extension joint angles) and 
electromyography (muscle amplitude of lumbar 




Whole gait cycle kinematics (spatio-temporal) Mass, shaft stiffness, sole 
flexibility 
Nunns et al.  
(2012) 
Stance phase kinematics (ankle joint angles), 
kinetics (GRF; ankle joint moments and 
stiffness) and in-shoe pressure (peak 
pressure, impulse, peak loading rate and 
timing of peak pressure under each metatarsal 
head) 
Shaft height 
Park et al.  
(2015) 
Whole gait cycle kinematics (hip, knee, ankle 
and ball of foot range of motion in the sagittal, 
frontal and transverse planes) 
Mass, shaft height, shaft 
flexibility 
Schulze et al.  
(2011) 
Whole gait cycle electromyography (leg 
amplitude, peak and integral) 
Shaft height, mass 
Simeonov et 
al. (2008) 





Stance phase kinetics (GRF) and kinematics 
(spatio-temporal; ankle, knee and hip joint)  
Sole flexibility 
Sinclair et al.  
(2015) 
Stance phase kinetics (knee extensor and 
abduction moment; patellofemoral contact 
force, loading rate and pressure) 
Sole flexibility 
Yang et al.  
(2015) 
Standing balance Romberg’s test (limits of 
stability) following walking fatigue protocol 
Shaft height 
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6.4.1  Shaft Height 
A defining feature of work boot design is the height of the boot shaft (see Figure 23).  The 
main purpose of a high shaft is to provide protection to a large area of the shank.  In an 
occupation such as underground coal mining, a high boot shaft is mandatory as miners 
work in an environment where mud and moveable rocks are likely to contact the leg below 
the knee if there is no protective cover (personal communication with industry, March 
2016).   
6.4.1.1 Shaft height can influence the risk of instability and falls 
Studies directly examining the effect of variations in shaft height on walking are limited.  
One of the few studies in this field revealed shaft height could influence an individual’s 
foot and ankle range of motion thereby altering lower limb mobility while walking.  
Walking in pull-up bunker firefighting boots (see Figure 26), compared to low-cut 
running shoes, significantly reduced ball of foot flexion-extension and ankle plantar 
flexion-dorsiflexion range of motion (in both directions) in the sagittal plane (8 male and 
4 female firefighters; Park et al., 2015).  Ball of foot and ankle range of motion are vital 
during walking as these movements facilitate push-off for pre-swing, clearing the ground 
during mid-swing and absorption of the ground reaction force during initial contact 
(Whittle, 2007).  Limited range of motion during these phases could lead to an abnormal 
walking pattern where stumbling and falling are likely to occur, particularly on uneven 
surfaces typically seen in occupations where high shafted work boots are mandatory (Park 
et al., 2015).  Conversely, the higher shafted firefighting boot led to increased ball of foot 
abduction-adduction and ankle inversion-eversion range of motion in the frontal plane 
compared to when the participants wore the running shoe (Park et al., 2015).  Increased 
motion in these directions is associated with a higher risk of lateral ankle sprains, 
particularly   during   initial   contact   on   uneven surfaces (Wright et al., 2000). 
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The different result in foot and ankle range of motion in the sagittal plane compared to 
the frontal plane is most likely explained by the design of the firefighting boot.  Due to 
barriers required for thermal protection and the puncture and collision protection of a 
metal shank, the firefighting boot shaft is relatively inflexible (Park et al., 2015).  The 
inflexible boot shaft could hinder range of motion in the sagittal plane, whereas the slip-
on nature of the firefighting boot could lead to less ankle support than the lace-up running 
shoes in the frontal plane, hence explaining the increased range of motion (Park et al., 
2015).  Unfortunately, due to equipment error, the authors discarded the condition 
involving the higher shafted but laced leather boot, leaving this theory as speculation.  
Nevertheless, changes in ball of foot and ankle range of motion imply boot shaft height 
can alter normal foot motion, leading to adjustments in walking and an increased risk of 
instability and falls. 




Lateral balance, a key factor contributing to falls risk in construction workers also appears 
to be influenced by boot shaft height (Simeonov et al., 2008).  The main mechanism for 
this association is thought to be via changes in foot motion because altering medio-lateral 
foot placement is the most effective strategy to control lateral stability while walking 
(Simeonov et al., 2008).  Boots with a higher shaft, compared to boots with a lower shaft 
(see Figure 26), significantly decreased trunk accelerations and rearfoot angular velocities 
and increased perceptions of stability when 24 male construction workers (39 years of 
age; 86.4 ± 12.6 kg mass; 178.3 ± 6.9 cm height) walked on a narrow plank under virtual 
reality conditions that recreated a construction site (Simeonov et al., 2008).  It was 
assumed the higher boot shaft reduced the need for large corrective trunk and foot 
adjustments by providing more timely and accurate proprioceptive information about 
ankle joint motion and body orientation (Simeonov et al., 2008).  This proprioceptive 
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information assisted individuals to maintain stability by helping to keep their centre of 
gravity well within the limits of their base of support (Simeonov et al., 2008).  Indeed, 
introducing a boot with a higher shaft, compared to a boot with a lower shaft, reduced the 
amount of ankle injuries incurred by Royal Marine recruits (8,329 attendees to the 
Commando Training Centre Royal Marines sickbay), further supporting the notion of 
boot shaft height influencing ankle stability (Riddell, 1990).   
The influence of boot shaft height on ankle stability, however, appears to be 
context specific.  For example, elevating and tilting the narrow plank, in the study by 
Simeonov et al. (2008) described above, increased the participants’ rearfoot angular 
velocities, which were unexpectedly more pronounced while participants wore boots with 
a higher shaft compared to boots with a lower shaft height (Simeonov et al., 2008).  The 
authors speculated this unexpected result was caused by an interaction of the higher boot 
shaft with the ankle joint when the plank was tilted, resulting in additional moments and 
lateral forces being generated, leading to instability.  It was suggested that a higher boot 
shaft with more flexibility might dampen the generation of additional moments and lateral 
forces so when a boot shaft is tilted at an angle, i.e. when walking on a sloped surface, it 
would not have such a direct impact on ankle joint motion (Simeonov et al., 2008).  
Indeed, military and work boots with a higher boot shaft, compared to footwear with a 
low shaft, have been shown to limit ankle dorsiflexion, restricting ankle range of motion 
and, in turn, leading to slower times when study participants completed an agility course 
(Hamill and Bensel, 1996).  Restricted ankle motion was thought to influence shank 
movement, therefore leading to slower performance times when participants planted their 
foot to change direction (Hamill and Bensel, 1996).   
Although Simeonov et al. (2008) used a robust study design, study participants 
were required to wear footwear typically worn in the construction industry while walking 
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on an elevated, narrow plank tilted to 14°.  Comparing results from this study to those 
obtained while participants walk on other occupation-specific surfaces would not be 
ecologically valid, particularly considering the significant differences between the 
footwear conditions relating to shaft height only depended on the angle of plank tilt.  The 
results are also different to standing balance trials where boot shaft height (40 cm, 29 cm 
and 17 cm) had no significant main effect on stability (Yang et al., 2015), further 
highlighting context specificity.  Moreover, the test footwear used by Simeonov et al. 
(2008) also had multiple design variations; the average mass of the low shaft and high 
shaft footwear conditions differed by approximately 270 g.  As discussed in Section 6.4.3, 
boot mass appears to have an overriding effect on variables characterising walking and, 
therefore, it should not be concluded that changes in shaft height were solely responsible 
for the observed differences in stability.  The addition of electromyographic data and 
more detailed kinematic and kinetic data would support or refute the author’s claim that 
changes in proprioception associated with differences in boot shaft height caused the 
changes in lower limb biomechanics influencing stability when walking (Simeonov et al., 
2008).   
Evidence is available implicating boot shaft height as influencing foot mobility, 
and consequently stability, when individuals walk.  Again, differences in boot design 
features other than shaft height were present and only limited biomechanical variables 
characterising walking were collected (see Table 10).  For example, when 30 young 
participants (15 men; 25.5 ± 5.6 years of age; 77.8 ± 13.7 kg mass; 1.78 ± 0.06 m height 
and 15 women; 22.5 ± 1.6 years of age; 64.4 ± 4.1 kg mass; 1.63 ± 0.08 m height) marched 
and ran in several different types of work and leisure boots with varying shaft heights, 
footwear had a significant effect on the mobility of their feet (see Figure 26; Hamill and 
Bensel, 1996).  When the participants wore a Nike cross trainer boot or a Reebok Pump 
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boot they displayed significantly greater movement of their centre of pressure than when 
they wore other boot types (combat military boot, jungle military boot and Red Wing 
work boot).  In terms of design differences, the Nike (12.1 cm high shaft) and Reebok 
boots (15.4 cm high shaft) had much shorter shafts compared to the other boots (~10 cm 
less shaft height than the 26 cm combat military boot shaft).  The authors speculated the 
shorter shaft height enabled the ankle to move more freely, in turn allowing a greater 
centre of pressure excursion (Hamill and Bensel, 1996).  Unfortunately, the authors of the 
study (Hamill and Bensel, 1996) did not specify in which direction the observed centre 
of pressure movements occurred and, without other measures characterising walking, it 
is unknown whether movement of the foot was due to increased ankle range of motion 
or, instead, some other factor.   
More detailed analyses of centre of pressure excursions in other research has 
revealed that occupational footwear with a low shaft led to significantly increased 
postural sway in the anterior-posterior and medial-lateral directions when compared to 
two high shafted boots worn by 14 healthy adult males (23.6 ± 1.2 years of age; 89.2 ± 
14.6 kg, 181 ± 5.3 cm; Chander et al., 2014).  Regrettably, in addition to variations in 
shaft height, the high shafted boots (18.5 cm shaft; 0.9 kg mass) weighed double that of 
the low shafted shoes (9.5 cm shaft; 0.4 kg mass), again confounding any effect of shaft 
height.  Furthermore, the experimental protocol comprised a standing balance test and it 
is unknown whether the same results would be replicated during a dynamic task such as 
walking.  Nevertheless, excessive medio-lateral displacement of the centre of pressure 
can reflect lateral instability, which has been significantly related to lateral falls in 
construction workers (Simeonov et al., 2008).  Movement of the centre of pressure in the 
forefoot from lateral to medial during initial contact has also been correlated with 
exercise-related lower limb pain (Willems et al., 2006).  Therefore, future research 
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investigating the effects of variations in shaft height on centre of pressure excursion while 
individuals walk is warranted. 
6.4.1.3 Higher boot shafts can increase plantar pressure: Implications for stress 
fractures 
 
In addition to centre of pressure excursions, boot shaft height is thought to also influence 
peak plantar pressures generated during walking.  Wearing combat assault boots (see 
Figure 26) led to significantly higher peak pressures (kPa) being generated under 
metatarsals 2-5 and higher peak loading rates (kPa·ms-1) under all metatarsal heads 
compared to wearing a gym trainer while running (seven injury-free physically active 
males; 18.3 ± 0.4 years of age; 81.1 ± 8.2 kg mass).  The plantar pressure changes were 
attributed to a significant reduction and earlier occurrence of ankle dorsiflexion and 
greater ankle joint stiffness during stance due to the above ankle support of the combat 
assault boots, compared to the gym trainer (Nunns et al., 2012).  These increased plantar 
pressures during walking are a risk factor for metatarsal stress fractures, particularly when 
covering long distances on foot in occupations such as the military (Nunns et al., 2012).  
However, the test footwear also differed in mass and midsole hardness, with the combat 
assault boot weighing three times that of the gym trainer and having almost double the 
midsole hardness (Nunns et al., 2012).  Although boot shaft height has been implicated 
in the occurrence of metatarsal stress fractures, further research is required to confirm the 
role of variations in shaft height in the development of these injuries and whether 
alterations in ankle stiffness associated with higher boot shafts is a contributing factor.   
6.4.1.4 Shaft height future research recommendations 
Overall, boot shaft height appears to significantly influence ankle range of motion and, 
in turn, postural sway and plantar pressure variables while walking.  Based on the current 
literature, however, exactly how shaft height affects these and other variables 
characterising walking is not known.  Previous studies have used experimental footwear 
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that simultaneously altered shaft height in combination with confounding boot design 
features such as shaft stiffness, boot mass and sole flexibility rather than modifying shaft 
height in isolation.  Interestingly, the influence of shaft height varies depending on the 
surface and task performed but a lack of comprehensive biomechanical data 
characterising the effects of shaft height on walking leaves many questions unanswered.  
Future studies need to systematically alter boot shaft height in isolation with all other boot 
design features kept consistent.  Particular attention needs to be paid to keeping boot mass 
constant when changing shaft height because the reviewed studies highlighted it is 
difficult to find boots with different shaft heights that have the same mass.  
Comprehensive biomechanical data then needs to be collected while individuals perform 
a variety of work specific tasks on relevant surfaces to better understand the sensitivity 
of lower limb function to changing boot shaft height while walking.  Investigating the 
interaction of boot shaft height with the other boot design features, especially shaft 
stiffness, also warrants future investigation. 
6.4.2  Shaft Stiffness 
In addition to protecting the shank, a boot shaft should provide sufficient stiffness to 
support the ankle and, in particular, restrict excessive ankle joint inversion (Böhm and 
Hösl, 2010, Cikajlo and Matjacić, 2007).  Enclosing the ankle and shank with a stiffer 
boot shaft can create a protective effect in the lateral direction, which minimises lateral 
ligament ankle sprains, the most common injury associated with walking (Blake and 
Ferguson, 1993, Böhm and Hösl, 2010).  Boot shaft stiffness is determined by the material 
a boot is made out of (i.e. rubber is more flexible (less stiff) than leather), the amount of 
reinforcing built into the shaft, the addition of a thick liner and the shaft height (see Figure 
23).  Load-deformation curves obtained with equipment such as strain gauges (Arndt et 
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al., 2003), robot manipulators (Cikajlo and Matjacić, 2007) and load cells (Böhm and 
Hösl, 2010) are used to quantify boot shaft stiffness. 
6.4.2.1 Shaft flexibility affects ankle range of motion 
Manipulation of shaft stiffness in hiking boots (Böhm and Hösl, 2010, Cikajlo and 
Matjacić, 2007), military boots (Hamill and Bensel, 1996), basketball boots (Robinson et 
al., 1986), ski boots (Noé et al., 2009) and snowboarding boots (Delorme, 2004) has been 
found to significantly alter ankle range of motion.  A more flexible shaft increased ankle 
range of motion during walking and a stiffer shaft reduced it.  The amount of ankle range 
of motion allowed by a boot shaft appears crucial to both efficient biomechanics, as well 
as reducing lower limb injury occurrence.  Although adequate ankle range of motion is 
vital to efficient gait, excessive ankle motion is potentially problematic because it causes 
the joint to rely on secondary anatomical structures, such as the muscles and ligaments, 
for support (Böhm and Hösl, 2010, Hamill and Bensel, 1996), increasing the risk of lower 
limb sprain/strain injuries (Neely, 1998).  When comparing soft (greater range of ankle 
motion) and hard (reduced ankle dorsiflexion/plantar flexion range of motion, 3.7-4.1° 
on the rear leg and 2.4-4.1° on the front leg; Delorme et al., 2005) snowboard boots, 
participants who wore the hard boots reported significantly less lower limb strain injuries 
than those who wore soft boots (Bladin et al., 1993, Kirkpatrick et al., 1998).  Despite 
this evidence that restricted ankle joint motion can decrease the occurrence of lower limb 
injuries, snowboard boots keep the foot in a fixed position, meaning the results are not 
directly applicable to boots worn while walking where the foot alternates between a 
dynamic closed and an open kinetic chain position.   
6.4.2.2 Restrictions in ankle range of motion can negatively affect the knee 
There are numerous robust research studies suggesting that restricted ankle joint motion 
during walking can have negative implications for the more proximal joints of the lower 
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limb, such as the knee.  For example, a lace-up hiking boot (see Figure 26), with 50% 
more passive shaft stiffness, decreased eccentric energy absorption at the ankle joint when 
healthy male participants (29 ± 5 years of age; 77 ± 8 kg mass; 177 ± 5 cm height) walked 
on a simulated gravel surface (Böhm and Hösl, 2010).  Eccentric energy absorption at the 
knee and co-contraction of the vastus lateralis and semitendinosus muscles were 
simultaneously increased, indicating the ankle joint’s ability to absorb the ground reaction 
force was impaired due to restriction and the knee joint had to compensate via increased 
contraction of the primary muscles supporting the joint (Böhm and Hösl, 2010).  
Interestingly, despite a large difference in shaft stiffness between the two hiking boots, 
the between-condition difference in ankle range of motion was only 1.4°.  It is therefore 
questionable whether the subtle difference in ankle motion caused the change in vastus 
lateralis and semitendinosus activity.  Alternatively, the participants could be reacting to 
differences in how the boot shaft felt when pressing against their shank.  Increased 
proprioception acuity and trends towards more active ankle stiffness have resulted when 
circumferential ankle pressure was applied to the ankle, although this was applied using 
a blood pressure cuff and it is unknown whether a boot shaft would yield the same result 
(You et al., 2004).  Dobson et al. (2015) reported similar increases in quadriceps and 
hamstring muscle activity when participants wore a leather lace-up work boot with a stiff 
shaft compared to a gumboot (flexible shaft; see Figure 26).  Joint moments and ankle 
muscle activity were not recorded in this study preventing a direct comparison with the 
results reported by Böhm and Hösl (2010).   
Although boot shaft stiffness appears to play a role in regulating the amount of 
muscle activation required to stabilise a joint, the influence of changes in proprioception 
caused by variations in boot shaft stiffness is less clear (Miller et al., 2000, Noé et al., 
2009).  Research consistently shows that when the demand placed on the lower limb is 
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increased, muscle activity increased (Blackburn et al., 2003, Greensword et al., 2012, 
Mika et al., 2012, Nigg et al., 2006, Romkes et al., 2006).  Similarly, when the demand 
placed on the lower limb is reduced, perhaps as a result of increased mechanical support 
provided by a boot, muscle activity is likely to decrease.  Performing postural balancing 
tasks resulted in healthy male alpine skiers (20 ± 5 years of age) significantly decreasing 
gastrocnemius medialis and vastus medialis activity (Root Mean Square) when they wore 
standard ski boots compared to a reference boot that provided less shank support (Noé et 
al., 2009).  This result potentially reflected an economic adjustment at the ankle and knee, 
whereby changing boot support trigged a reorganisation of the muscle activity responsible 
for supporting these joints.   
In contrast, Dobson (2013) found that when participants wore leather lace-up coal 
mining work boots (see Figure 26) that provided more stability and ankle support, relative 
to gumboots, they displayed increased activity of the muscles that cross the knee joint.  
The most likely reason for these contradictory between-study results is the overriding 
influence of boot mass on lower limb motion (discussed below) irrespective of changes 
in boot support (Chiou et al., 2012).  It was also postulated that regardless of stability, a 
stiffer boot shaft has more of an influence when walking on surfaces that require 
additional muscular activity and joint motion to adapt the foot to an uneven surface, such 
as an inclines and declines, compared to static postural sway tasks and walking on level 
surfaces (Dobson, 2013). 
6.4.2.3 How altered ankle range of motion affects hip biomechanics is unknown 
Restricting ankle joint motion is also thought to affect the hip by causing individuals to 
rely on hip motion changes to maintain balance (Horak and Nashner, 1986).  Boots that 
restricted ankle range of motion led to increased hip range of motion when participants 
walked through an 8 cm deep pit of gravel (Böhm and Hösl, 2010).  This increase in hip 
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range of motion, however, was not statistically significant and several other studies have 
reported no change in hip range of motion in response to changing footwear design 
(Cikajlo and Matjacić, 2007, Hamill and Bensel, 1996, Nigg et al., 2006).  These previous 
studies involved participants traversing either level walkways or artificial gravel surfaces 
so it is unknown whether the resulting perturbations were large enough to require a full 
postural control strategy in response to subtle changes in work boot design (Horak and 
Nashner, 1986, Dobson, 2013).  However, when participants walked on sloped, uneven 
surfaces wearing two underground coal mining work boots with different shaft stiffness, 
no significant difference in hip range of motion was evident (Dobson et al., 2015).  This 
latter study, however, did not report the difference in shaft stiffness between the two boot 
conditions and the measurement of hip range of motion was restricted to a simplistic two-
dimensional method.  It therefore remains unknown whether differences in boot shaft 
stiffness were insufficient to illicit changes in hip range of motion while walking or, 
conversely, whether a two-dimensional model was not sensitive enough to detect any 
changes between the two footwear conditions. 
6.4.2.4 Increased shaft flexibility can increase power generation at the ankle joint 
A military boot (see Figure 26) with a softer, more flexible shaft that allowed more ankle 
range of motion was shown to increase power generation during push-off at the ankle 
joint by 33% compared to when participants wore a military boot with a stiffer shaft 
(Cikajlo and Matjacić, 2007).  The increase in power generation promoted a more 
efficient gait, evident by an increase in step length and gait velocity when nine men (24.7 
± 2.1 years of age; 73.9 ± 4.1 kg mass; 178.6 ± 5.7 cm height) walked along a 7 m runway 
(Cikajlo and Matjacić, 2007).  Sufficient power generation at the ankle is necessary to 
attain adequate walking velocity and, therefore, is important to achieve efficient forward 
motion during walking (Requião et al., 2005).  Previous studies have shown that changes 
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in ankle range of motion can alter muscle activity, and possibly power generation, 
particularly at more proximal lower limb joints such as the knee (Böhm and Hösl, 2010, 
Dobson et al., 2015).  Cikajlo and Matjacić (2007) did not report using electromyography 
to quantify muscle activity during their study.  Therefore, whether more muscle activity 
was required at the ankle to produce this increase in power generation or, alternatively, 
whether the more flexible boot shaft allowed more efficient use of the stretch shortening 
cycle is unknown.  Although Cikajlo and Matjacić (2007) confirmed that boot shaft 
stiffness influenced ankle range of motion, and consequently kinematic and kinetic 
variables characterising walking, optimal boot shaft stiffness cannot be derived from this 
study.  The differences in shaft stiffness between the two test military boots were not 
uniform across all conditions with one boot type displaying 64% lower stiffness, relative 
to the second boot type, when the participants walked down a low incline (Cikajlo and 
Matjacić, 2007).  When the inclination was increased to 15°, however, the second boot 
type showed increased shaft stiffness compared to the first boot type (Cikajlo and 
Matjacić, 2007), again highlighting the complex interaction among footwear type, surface 
characteristics and walking biomechanics.   
6.4.2.5 Shaft stiffness future research recommendations 
Given the lack of studies pertaining to controlled variations in boot shaft stiffness and the 
potential for shaft stiffness to decrease over time with wear, further research that alters 
this parameter in a systematic manner and examines the effects of these variations on 
variables that characterise walking is required.  These future studies should systematically 
alter shaft stiffness in a standard boot, holding all other boot design parameters consistent 
to ensure the specific effects of shaft stiffness on walking can be identified.  Testing of 
the boot shafts would also have to be repeated throughout testing to ensure that shaft 
stiffness is not reduced over time due to wear and, in turn, confound the results.  Shaft 
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stiffness should be varied over a large range to determine how sensitive changes in lower 
limb motion and muscle activity are to alterations in shaft stiffness and how both proximal 
and distal joints of the lower limb are affected.  Collecting ankle range of motion inside 
the boot combined with questionnaires pertaining to participants’ perceptions of tightness 
of boot shaft fit, combined with proprioceptive measures, would help determine the extent 
to which changes in ankle range of motion and/or proprioception influence biomechanical 
parameters characterising walking.  Boot designers should also quantify the amount of 
ankle range of motion required for individuals to efficiently perform specific work tasks 
(on surfaces encountered in the work environment) and whether work boot shaft stiffness 
can be optimised to enhance ankle joint efficiency and reduce the incidence of lower limb 
injuries incurred by workers. 
6.4.3  Boot Mass 
Boot mass is the most variable element of work boot design and can typically range 
between 1 and 4 kg (Chiou et al., 2012, Dobson et al., 2015, Garner et al., 2013, Nunns 
et al., 2012).  The mass of a work boot is dependent on a multitude of design features 
such as the boot material, presence of a steel cap, height of the shaft, type of sole and 
other boot design features illustrated in Figure 23.  Changing just one of these design 
features, even slightly, can have a substantial impact on boot mass, explaining the 
variability in this design parameter.   
Similar to previous studies investigating shaft height and shaft stiffness, research 
investigating the effects of boot mass on walking typically include footwear in which boot 
design features other than boot mass have differed between the test boot conditions (see 
Table 10).  For example, 37 soldiers (1 woman; 29 years of age; 81.5 kg mass, 177.8 cm 
height) displayed increased tibialis anterior muscle activity when they walked on a 
treadmill wearing the heaviest footwear condition, a combat boot (see Figure 26) that was 
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almost double the mass of all other test footwear (Schulze et al., 2011).  The muscle 
activity values, however, were similar to those recorded when the participants walked 
wearing a dress shoe and two different types of athletic footwear.  Although the four test 
footwear differed substantially in mass, shaft height and sole flexibility also varied among 
the footwear, again making it difficult to attribute the observed increase in tibialis anterior 
activity to one specific design feature such as increased boot mass.  Furthermore, Schulze 
et al. (2011) did not collect kinematic or kinetic data to help explain their 
electromyography data, so whether the increased lower limb muscle activity displayed 
when wearing the heavier boot was due to differences in shank and/or foot motion or 
increased effort required to move the heavier boot is not known.   
6.4.3.1 Heavier boots increase heel contact velocity and oxygen consumption while 
decreasing trailing limb toe clearance 
 
 
Nevertheless, heavier footwear has been shown to alter the way individuals walk, 
particularly kinematic parameters characterising walking and oxygen consumption (Jones 
et al., 1984, Majumdar et al., 2006).  Increased heel contact velocities and reduced trailing 
limb toe clearances were found when 14 healthy male (28.4 ± 5.5 years of age; 94.6 ± 
15.6 kg mass; 178.5 ± 5.8 cm height) and 13 healthy female (33.2 ± 4.4 years of age; 67.9 
± 8.0 kg mass; 166.6 ± 5.0 cm height) firefighters stepped over obstacles wearing heavier 
(3.98 kg) compared to lighter (2.93 kg) firefighter boots (see Figure 4; Chiou et al., 2012).  
Measures of metabolic and respiratory cost (minute ventilation, absolute and relative 
oxygen consumption and carbon dioxide production) were also increased in this study 
when participants wore the heavier boots compared to the lighter boots (Chiou et al., 
2012).  Increases in boot mass therefore appeared to cause a loss of control at initial 
contact and mid-swing, as well as requiring more energy to move the heavier boot (Chiou 
et al., 2012).  These results are concerning because slips are more likely to occur at initial 
contact when foot placement is not controlled (Tang et al., 1998) and trips occur when 
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the foot contacts an object mid swing (Austin et al., 1999).  Combined with the increased 
energy cost and possible associated fatigue (Garner et al., 2013), heavier work boots could 
be a serious trip/slip hazard in occupations that require prolonged walking on uneven 
surfaces.   
6.4.3.2 Heavier boots require increased muscle activity 
An increase in lower limb muscle activity appears to be a mechanism by which the 
slip/trip risk in heavier boots can be compensated for while walking.  Increased vastus 
lateralis and biceps femoris muscle activity during initial contact and pre-swing, 
respectively, occurred when participants (20 males; 33 ± 12 years of age) walked in 
heavier leather lace-up boots (mass = 3.1 kg) compared to lighter gumboots (mass = 2.7 
kg; see Figure 26) on uneven surfaces (Dobson et al., 2015).  Considering the stance and 
swing timing was the same regardless of which boot was worn, the increased muscle 
activity at initial contact and pre-swing can be seen as a slip and trip prevention strategy 
by ensuring the heavier boot was adequately decelerated at initial contact, preventing a 
slip, and the foot cleared the ground during pre-swing, preventing a trip (Dobson et al., 
2015).  Walking on a treadmill in a heavier combat boot (1 kg) also led to increased vastus 
medialis muscle activity over a 30 min time period when compared to a rain boot (0.80 
kg) and Converse sneaker (0.71 kg; see Figure 26; Kim et al., 2015).  In agreeance with 
Dobson et al. (2015), the authors (Kim et al., 2015) speculated this increased vastus 
medialis activity occurred to allow a normal walking pattern to continue despite now 
having to account for more mass distally.  However, with only root mean square 
electromyography data reported and no breakdown of the phases of walking this concept 
requires further investigation before it can be confirmed or refuted. 
Electromyographic data are also needed to further investigate why wearing a 
heavier firefighter boot increased heel contact velocities and decreased trailing limb toe 
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clearance (Chiou et al., 2012), because this result is in direct contrast to the findings of 
Dobson et al.’s (2015) and Kim et al.’s (2015).  It is possible the firefighter boot was too 
heavy and the participants were not able to generate enough muscle activity to control 
their lower limbs, particularly considering the heaviest firefighting boot was 880 g 
heavier than the leather lace-up boot used in Dobson et al.’s (2015) study and almost 3 
kg heavier than the combat boot used in Kim et al.’s (2015) study.  It is also possible that 
these between study differences in results were due to different experimental protocols, 
whereby participants in the Chiou (2012) study stepped over obstacles whereas 
participants in the other two studies were simply walking.  Future research studies 
combining kinematic and electromyographic data are required to establish whether 
heavier work boots are a risk factor for slipping and/or tripping when walking, 
particularly in occupations that require workers to step over objects.  A recommended 
maximum boot mass, after which injury risk is too high due to compromised walking 
technique, would be important information boot manufacturers could use when designing 
work boots. 
6.4.3.3 Increased boot mass can increase muscle fatigue 
Energy expenditure while walking can increase by 0.7-1% for every 100 g increase in 
footwear mass (Jones et al., 1984).  Increased muscle activity can be an indicator of 
muscular fatigue, but is not the most reliable method.  Peak torque on the other hand is a 
more reliable measure of localised fatigue at an associated joint and is therefore a useful 
variable to confirm whether increased muscle activity associated with heavier footwear 
does in fact lead to fatigue (Garner et al., 2013).  Significant decreases in peak torque at 
the ankle and knee, as measured by an isometric seated strength test, were found when 12 
professional male firefighters (33.4 ± 6.8 years of age) performed a simulated firefighter 
stair climb test while wearing heavier rubber boots (2.93 ± 0.24 kg) compared to lighter 
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leather boots (2.44 ± 0.21 kg).  This reduction in peak torque coincided with significant 
performance reductions in static postural sway tasks, revealing a negative implication 
associated with the reported muscular fatigue (Garner et al., 2013).  The authors of the 
study noted the mass of the rubber boots (see Figure 26 was 500 g greater than the leather 
boots, providing the most likely reason for the observed results.  Increased postural sway 
is a leading cause of falls (Lord et al., 2003), thereby implicating greater boot mass as a 
potential cause of the high incidence of fall-related injuries reported in labouring 
occupations.   
Although boot mass differences are the most likely explanation for the reduced 
performances in postural sway reported by Garner et al. (2013), other boot design features 
such as differences in boot materials cannot be discounted as potential contributing 
factors.  As discussed in previous sections of this paper, a rubber boot has a more flexible 
shaft than a leather boot.  This between-boot difference in shaft stiffness can influence 
ankle motion and/or proprioception at the ankle joint and, in turn, influence lower limb 
mediated responses to postural sway.  Furthermore, boot effects associated with static 
postural sway tasks and isometric seated strength tests are not directly applicable to a 
dynamic task such as walking.   
6.4.3.4 Boot mass future research recommendations 
Although research related to boot mass predominantly focuses on negative implications 
associated with heavier work boots, no study has investigated whether a work boot could 
be too light.  Future studies need to alter boot mass in a systematic manner, while ensuring 
other boot design features such as shaft stiffness and sole flexibility do not confound the 
changes in mass.  Identifying a range of boot mass that minimises worker fatigue while 
reducing the risk of fall-related injuries could guide boot designers when selecting new 
materials from which to manufacture work boots.   
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6.4.4  Sole Flexibility 
Sole flexibility is the ability of the sole of a shoe to flex.  The amount of flexibility in a 
work boot sole is primarily determined by the materials used to construct the layers of the 
sole, which will also determine its thickness, elasticity, texture, cushioning and padding 
(Nigg et al., 2003, Nurse et al., 2005).  An abundance of literature has documented the 
influence of variations in shoe sole flexibility on variables characterising gait (Demura 
and Demura, 2012, Hardin et al., 2004, Kersting et al., 2005, Nigg et al., 2003, Nurse et 
al., 2005, Wakeling et al., 2002) and oxygen consumption (Roy and Stefanyshyn, 2006).  
Literature pertaining to work boot sole flexibility, on the other hand, is sparse and lacking 
conclusive results due to confounding design differences. 
Firefighting boots with a more flexible sole (stiffness index ≤ 15) have been 
associated with greater trailing limb toe clearances when firefighters stepped over 
obstacles compared to when they wore boots with a stiffer sole (stiffness index > 15; 
Chiou et al., 2012).  This difference was not statistically significant but boot mass and 
sole flexibility were simultaneously altered such that the experimental boots with a more 
flexible sole had a heavier mass and the experimental boots with a stiffer sole had a lighter 
mass.  Boot mass was found to significantly alter lower limb toe clearance, whereby 
heavier boots reduced toe clearance and lighter boots increased toe clearance (Chiou et 
al., 2012).  It is plausible, therefore, that sole flexibility alone could significantly alter 
lower limb toe clearance when not confounded by boot mass, although this notion 
requires further investigation.   
6.4.4.1 Increased sole flexibility can reduce walking effort 
Despite differences in boot mass, firefighter boots with a more flexible sole have been 
shown to result in significant reductions in absolute and relative oxygen consumption and 
carbon dioxide production when participants stepped over obstacles compared to when 
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wearing a boot with a less flexible sole (Chiou et al., 2012).  The authors of the study 
speculated that a more flexible sole enhanced ankle joint movement and, subsequently, 
power generation, which ultimately reduced metabolic and respiratory cost.  Dobson et 
al. (2015) also found that participants who walked in a boot with a more flexible sole 
required less muscle activity to maintain the same walking pattern than when they walked 
wearing a boot with a stiffer sole.  These boots, however, again differed in mass, with the 
stiffer soled boot weighing more than the flexible soled boot (Dobson et al., 2015).  
Further research is therefore warranted to investigate the influence of variations in boot 
sole flexibility, and its interaction with boot mass, on variables characterising how 
participants walk.   
6.4.4.2 A stiffer boot sole can increase metatarsal flexion 
It is speculated that forefoot stiffness in certain work boots requires increased metatarsal 
flexion to accomplish enough power generation at toe-off to propel the body forward 
during walking (Hamill and Bensel, 1996).  Walking, marching and running in military 
and other work boots with stiffer soles led to increased metatarsal flexion compared to 
when participants wore other test footwear with more flexible soles (Hamill and Bensel, 
1996).  A stiffer boot sole was thought to limit power generation during the foot roll over 
process by minimising bending and flexing of the material (Hamill and Bensel, 1996).  
Therefore, in order to generate enough power to propel the body forward during walking 
in a boot with a stiffer sole, there was increased metatarsal flexion.  This repeated 
metatarsal flexion, typically required during continuous walking, could be a risk factor 
for plantar fasciitis.  However, apart from differences in sole flexibility, the footwear 
tested by Hamill and Bensel (1996) also differed in mass and shaft height, confounding 
interpretation of the results.  The military and work boot footwear conditions also caused 
significant changes to ankle dorsiflexion during walking, marching and running, 
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compared to the other footwear types, implicating restricted ankle motion due to a higher 
boot shaft as another explanation for the increased metatarsal flexion rather than changes 
in sole flexibility.   
6.4.4.3 Stress fractures of the second metatarsal are linked to flexible boot soles 
The remaining studies that have investigated effects of variations in boot sole flexibility 
on gait have focused on loading properties and implications for lower limb shock 
absorption.  An example is a study conducted by Arndt et al. (2003) who investigated the 
introduction of a military boot (see Figure 26) with a more flexible sole for Swedish 
military recruits.  The study authors hypothesised that a military boot with a more flexible 
sole would increase comfort by not restricting natural foot motion while walking.  
Introducing a military boot with a more flexible sole, however, was correlated with an 
increased incidence of second metatarsal stress fractures (Arndt et al., 2003).  Upon 
further testing, involving the study participants walking on a treadmill, the effects of the 
increase in sole flexibility were most notable underneath the metatarsophalangeal joint.  
Consequently, a significant increase in dorsal tension under the second metatarsal was 
found when participants wore the new boot with a more flexible sole compared to the old 
stiffer soled boot.  Boot sole flexibility was therefore implicated in the occurrence of the 
overuse injury of second metatarsal stress fractures (Arndt et al., 2003).   
6.4.4.4 Sole flexibility can affect lower limb loading: Implications for overuse injuries 
The sole flexibility of army boots has further been associated with the occurrence of other 
lower limb overuse injuries.  Compared to two athletic shoes (a cross-trainer and a 
running shoes), significantly greater impact loading was generated when participants 
wore an army combat boot with a stiffer sole (see Figure 26; Sinclair and Taylor, 2014).  
This greater impact loading in the army boot was accompanied by increased ankle joint 
eversion and tibial internal rotation.  These kinematic variables that were associated with 
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higher impact loading, ankle joint eversion and tibial rotation, have been identified as risk 
factors for developing musculoskeletal injuries such as plantar fasciitis and iliotibial band 
syndrome when individuals perform repetitive activities like prolonged walking and 
marching (Neely, 1998, Sinclair and Taylor, 2014).   
The army boots were further associated with increased knee flexion at initial 
contact, which the authors speculated attenuated the additional impact loading (Sinclair 
and Taylor, 2014).  However, in another study comparing the same test footwear 
conditions, the military boots were associated with increased patellofemoral load when 
compared to the two athletic shoes (Sinclair et al., 2015).  It is therefore possible the 
higher shaft of the army boot, compared to the other two low-cut athletic footwear 
conditions, restricted the participants’ ankle range of motion, forcing them to compensate 
at the knee, which is consistent with the findings of Böhm and Hösl (2010) discussed 
earlier.  More comprehensive biomechanical data (e.g. muscle activity and joint angles) 
would help to clarify how the participants adjusted their gait to account for the increased 
impact loading.   
Lin et al. (2007) found that different boot sole properties influenced lower limb 
muscle activity and joint angles when 12 healthy female students (24.2 ± 1.9 years of age; 
52.0 ± 5.8 kg mass; 1.6 ± 5.8 m height) walked along a 6 m walkway while wearing three 
different footwear conditions (see Figure 26).  The three test boots in Lin et al.’s study 
(2007) varied in elasticity and shock absorption at both the heel and metatarsals, again 
making it difficult to exclusively attribute the results to just changes in sole flexibility.  
The female participants also differed to the participants in the other reviewed studies, 
which predominantly used male participants who were substantially heavier and taller, so 
it is unknown how applicable these results are to demographics more typical of workers 
in heavy industry such as coal mining. 
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6.4.4.5 Boot sole flexibility future research recommendations 
None of the previous studies investigating the effects of variations in sole flexibility on 
walking have tested the effects of changes in footwear while participants walked across 
more challenging surfaces, such as gravel or inclines, which are frequently encountered 
in occupations like mining.  Inclined surfaces have been shown to amplify the effects of 
design differences among boots (Simeonov et al., 2008, Dobson et al., 2015).  Therefore, 
it is recommended that future research studies examine the effects of variations in boot 
sole flexibility on variables characterising walking under ecologically valid 
environmental conditions, rather than treadmill walking, and while participants perform 
a variety of working tasks in order to understand the sole flexibility requirements for a 
work boot. 
6.5 Conclusions and Directions for Future Research 
This systematic review of the literature has confirmed that there is a paucity of research 
examining the influence of work boot design on walking, despite the potential for 
occupation specific work boots to reduce the incidence of work-related lower limb 
injuries.  Most previous studies have focused on a range of footwear, rather than just work 
boots, and compared vastly different footwear designs, making valid conclusions on the 
influence of specific design features difficult.  Boot shaft height and stiffness, boot mass 
and boot sole flexibility appear to be specific boot design features that are likely to 
contribute to walking efficiency in the work place, but further research is needed to 
support this notion.   
Based on this review of the literature it is recommended that future research studies 
investigating work boot design consider the factors outlined below. 
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(1) Boot design features in test footwear should be systematically altered and 
controlled.  From the literature it is evident that differences in boot designs can 
influence an individual’s gait.  It is often unknown, however, which design feature 
is influencing which specific variable characterising walking and at what point do 
changes in the variable occur.  Controlling boot features for confounding variables 
will enable a better understanding of the influence of individual design features 
on how individuals walk.  The interaction between design features should also be 
explored to determine how they influence walking.   
(2) More comprehensive evaluations of the effects of variations of boot design 
parameters on walking are required.  Previous studies have tended to focus on 
relatively simple variables, which were collected in isolation, making 
interpretation of the data difficult.  The effects of variations in boot design 
parameters on complex kinematic, kinetic and electromyography variables that 
more comprehensively characterise walking are needed to fully understand the 
alterations in walking that occur as a result of changes to boot design. 
(3) Recording foot and ankle motion and muscle activity inside the boot is necessary.  
Most literature pertaining to the influence of boot design on the kinematics and 
kinetics of gait assumed that gait alterations were a result of changes in ankle 
range of motion.  The specific changes in ankle range of motion, however, are 
rarely measured directly.  A similar scenario occurs in regards to muscle activity, 
where it is assumed that changes in muscle activity at more proximal segments, 
such as the knee, occur to compensate for a decrease in muscle activity at the 
ankle.  Again, this notion remains unproven.  The lack of quantitative data relating 
to the ankle in the current literature is in part due to difficulties in designing 
apparatus that can fit inside a boot and accurately measure ankle range of motion 
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and muscle activity without the signals being contaminated with excessive noise.  
With the size of measurement devices decreasing and different modes of data 
collection (i.e. wireless) becoming more common, recording ankle motion and 
muscle activity inside a boot is now feasible and is recommended in future studies.   
(4) Participant perceptions of boot comfort should be assessed.  Biomechanical 
variables should be collected in conjunction with questionnaires regarding 
participants’ perceptions of boot comfort, including tightness of fit.  This would 
help identify the influence perceived tightness of fit at the ankle/shank has on the 
control of lower limb motion and provide insight into the influence of 
proprioception. 
(5) Occupational specific testing of footwear effects should occur.  A large variety of 
unique work boot designs are available in order to try and accommodate for 
individual workplace requirements.  It is evident from the literature that the 
influence boot design features have on the lower limb change depending on the 
task performed and the supporting surface.  Any work boot-related testing 
therefore needs to be specific to the environment and task performed by that 
worker.  Future studies examining the effects of variations in boot design features 
on walking should ensure participants walk across surfaces that truly simulate the 
demands of relevant work environments. 
More detailed research into the influence specific boot design features have on 
walking could lead to the development of work boots that meet the demands placed on 
the lower limb during a variety of occupational settings.  Results from such studies have 
the potential to increase the efficiency of performing fundamental occupational tasks, 
such as walking, while reducing the high incidence of work boot-related lower limb 
injuries in labouring occupations. 





Effect of shaft stiffness and sole flexibility on perceived comfort 
and the plantar pressures generated when walking on a 
simulated underground coal mining surface 
 
This chapter is an amended version of the manuscript:  Dobson, J.A., Riddiford-Harland, 
D.L., Bell, A.F., Wegener, C. & Steele, J.R. 2019.  Effect of shaft stiffness and sole 
flexibility on perceived comfort and the plantar pressures generated when walking on a 
simulated underground coal mining surface. Applied Ergonomics (submitted for 
publication October 2018). 
Abstract 
The structural features of work boots worn by underground coal miners affect comfort, 
foot motion and, in turn, loading of the plantar surface of miners’ feet.  Although shaft 
stiffness and sole flexibility appear to be boot design features that could influence 
perceived comfort and plantar pressures, no study has systematically altered these boot 
design features to truly understand how they affect these parameters.  This study aimed 
to systematically investigate the effect of changes to shaft stiffness and sole flexibility on 
perceived comfort and plantar pressures when 20 males walked on a simulated gravel 
coal mining surface under four different work boot conditions.  There were no significant 
effects of shaft stiffness or sole flexibility on perceived comfort.  Shaft stiffness and sole 
flexibility, however, each significantly affected the plantar pressures generated under the 
medial midfoot, heel, middle metatarsals and hallux and, in combination, affected plantar 
pressures generated beneath the lateral midfoot, medial and lateral metatarsals and lesser 
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toes.  Participants preferred a boot with a flexible shaft combined with a stiff sole, citing 
properties such as fit, moveability, walking effort and support to explain why they 
perceived one boot as more comfortable than another.  We therefore recommend that 
underground coal mining work boots should be designed to incorporate different 
flexibility and stiffness between the shaft and sole of the boot to optimise foot movement 
and, consecutively, walking efficiency. 
7.1 Introduction 
Footwear construction can influence the distribution of loading across the anatomical 
structures of the foot, including the foot’s plantar surface, as well as affect the way 
individuals move (Hennig and Milani, 1995, Hennig et al., 1996, Dixon et al., 2017).  
Proper loading of the foot while walking leads to adequate shock absorption, confidence 
in mobility and enhanced perceptions of comfort (de Castro et al., 2010, Witana et al., 
2009).  Abnormal loading of the foot, on the other hand, creates instability leading to 
reliance on secondary structures such as the muscles and ligaments for support during 
walking (Smith et al., 1999).  Abnormal loading of the foot can also create areas of high 
pressure on the plantar surface of the foot, which can lead to soft tissue injuries, such as 
foot ulcers and calluses, and overall make footwear uncomfortable to wear (de Castro et 
al., 2014, Schwarzkopf et al., 2011, Au and Goonetilleke, 2007, Marr, 1999).  For 
underground coal miners, uncomfortable work boots that alter the foot’s natural 
movement can lead to incorrect foot placements when the miners walk on uneven 
moveable surfaces (Neely, 1998, Dobson et al., 2015).  As a consequence, the risk of 
incurring a sprain or strain injury, via slipping and tripping, can increase if miners wear 
unsupportive and uncomfortable work boots when walking on these challenging surfaces 
(Neely, 1998, Liu et al., 2012, Smith et al., 1999).  It is therefore imperative factors 
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affecting the functionality and comfort of work boots designed for underground coal 
miners are properly understood. 
Despite the importance of comfortable work boots, underground coal miners have 
historically reported their work boots to be uncomfortable.  In 1994-95, 56.5% of 589 
underground coal miners, who had recently (within 12 months), experienced a below the 
hip injury, were dissatisfied with their work boots (Smith et al., 1999).  More specifically, 
53.3% reported their boots contributed to their injury and 71.4% wanted their boots 
changed (Smith et al., 1999).  In 1999, 77% of 400 underground coal miners (randomly 
selected from mine sites in New South Wales, Australia) still rated their work gumboots 
as hot, sweaty and uncomfortable (Wood et al., 1999).  A lack of adequate support from 
their work boots was also revealed whereby 41.3% of the surveyed miners reported 
slipping inside their boots and 40.2% stated their boots did not fit (Marr, 1999).   
Over the last decade advances in materials have resulted in structurally different 
underground coal mining work boot construction in regards to boot mass, shaft stiffness, 
shaft height and sole flexibility (see Chapter 3).  These are all boot design features that 
have previously been shown to alter movement of the foot and, consequently, the way 
boot wearers walk (see Chapter 6).  The most commonly worn underground coal mining 
work boots are a gumboot (flexible shaft and flexible sole) and a leather lace-up boot 
(stiff shaft and stiff sole; see Chapter 2).  Despite these advances in materials and changes 
in boot design, underground coal miners still find their work boots uncomfortable.  In a 
recent survey of 358 underground coal miners, less than half of the study participants 
(37.7%) rated their boots as comfortable, with 18.1% rating their mining work boots as 
uncomfortable and 38.5% rating their boot comfort as indifferent (see Chapter 2).  
Furthermore, over half of the participants (55.3%) reported experiencing foot problems, 
with calluses being the most common complaint.  Of those miners who listed foot and/or 
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ankle pain, 62.3% associated this pain with their mining work boots (see Chapter 2).  High 
plantar pressures generated during walking have been associated with the development 
of lower limb pain (Aliberti et al., 2011, Willems et al., 2006) and linked to a greater risk 
of developing uncomfortable pressure sores, such as foot ulcers, and overuse injuries such 
as stress fractures (Arndt et al., 2003, Mohamed et al., 2005).  Therefore, it is likely that 
this foot discomfort and pain reported by underground coal miners is at least partially 
associated with high plantar pressures being generated when the miners walk in their work 
boots.   
Previous research examining mining, military, hiking and casual boots has shown 
that altered foot mechanics due to different boot designs can lead to changes in loading 
of the plantar surface of the foot during walking (Hamill and Bensel, 1996, Nunns et al., 
2012, Arndt et al., 2003, Sinclair and Taylor, 2014, Dobson et al., 2018).  Shaft stiffness 
and sole flexibility appear to be two key boot design features that affect foot motion and, 
in turn, the plantar pressures generated during gait (Dobson et al., 2018).  For example, 
when 20 male participants (33 ± 12 years, 84.8 ± 10 kg, 1.8 ± 0.7 m) walked in a safety 
gumboot, which had a flexible shaft and sole, they displayed significantly increased peak 
pressures and pressure-time integrals under the heel and forefoot compared to when they 
walked in a leather lace-up boot, which had a stiff shaft and sole (Dobson et al., 2018).  
The researchers of this study speculated that, compared to walking in the stiffer leather 
boot, the participants’ feet moved more inside the flexible gumboot and required the 
miners to push off more from the forefoot during walking, causing these higher gumboot-
related plantar pressures (Dobson et al., 2018).  Similarly, an army boot with a more 
flexible sole increased dorsal tension under the second metatarsal when two participants 
walked on a treadmill (Arndt et al., 2003).  Increased plantar pressures under the forefoot, 
particularly around the second metatarsal, are concerning as they are a risk factor for 
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stress fractures (Arndt et al., 2003, Nunns et al., 2012).  Shaft stiffness and sole flexibility 
are not the only boot design features likely to cause increased plantar pressures under the 
forefoot.  For example, when compared to a low-cut gym trainer, a stiff high-shafted 
combat assault boot led to significantly higher peak pressures under metatarsals 2-5 when 
seven injury free active males (18.3 ± 0.4 years, 81.1 ± 8.2 kg) ran on a treadmill.  These 
plantar pressure changes were attributed to a significant reduction and earlier occurrence 
of ankle dorsiflexion and greater ankle stiffness during stance due to the additional shank 
support provided by the combat assault boot (Nunns et al., 2012).  The combat assault 
boot, however, was three times heavier than the gym trainer and had almost double the 
midsole hardness, making it challenging to directly compare the effects of shaft stiffness 
between the two footwear conditions.  Therefore, the true effects of shaft stiffness and 
sole flexibility are difficult to derive when other boot design features such as mass, 
midsole hardness and shaft height, vary between the test boot conditions. 
To truly understand the effects of shaft stiffness, or any other boot design feature, 
on walking performance it is imperative that researchers systematically alter the boot 
design feature of interest while controlling for other boot features, such as boot mass, 
midsole hardness and shaft height, which can confound any observed results (see Chapter 
6).  Unfortunately, because no published studies could be located which have 
systematically altered work boot design features, the effect of changes to features such as 
shaft stiffness and sole flexibility on work boot comfort and the plantar pressures 
generated during gait, and the degree to which they interact, remains unknown.  If 
structural features of work boots worn by underground coal miners affect comfort, foot 
motion and, in turn, loading of the plantar surface of the miners’ feet, certain boot designs 
could predispose miners to experiencing foot discomfort and pain, as well as be a risk 
factor for developing lower limb injuries.  Therefore, the aim of this study was to 
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systematically investigate the effects of changes to shaft stiffness and sole flexibility on 
perceived comfort and plantar pressure generated when walking on a simulated gravel 
coal mining surface.  It was hypothesised that:  
H1: A boot where the shaft and sole were either both stiff or both flexible would be the 
most uncomfortable boot conditions. 
H2: A boot with a stiff shaft would result in increased plantar pressures under the second 
metatarsal when compared to a flexible shaft, irrespective of sole flexibility. 
H3: A boot with a flexible sole would lead to increased contact area and plantar pressures 
under the forefoot when compared to a stiff sole, irrespective of shaft type. 
H4: The plantar pressures generated during walking would be affected by how the boot 
shaft stiffness and boot sole flexibility interacted. 
7.2 Methods 
7.2.1 Participants 
Twenty males who habitually wore steel-capped safety boots (11 underground coal 
miners; age 36 ± 13.8 years; height 174.8 ± 6.3 cm, body mass 76.9 ± 9.2 kg) volunteered 
to participate in this study.  Exclusion criteria included lower limb injuries or foot 
pain/discomfort that impaired an individual’s ability to perform the experimental 
procedures, or habitual wearing of corrective shoe inserts, such as orthoses.  Participants 
were recruited through advertising the study on social media platforms and through 
South32 (Australia) advertising the study on their work noticeboards, work newsletters 
and during mine training sessions.  A priori analysis of peak pressure (kPa) data 
confirmed that a cohort of 20 participants would be sufficient to demonstrate a significant 
difference between the boot conditions with a power of 95% (p < 0.05; Dobson et al., 
2018).   
  Chapter 7 
147 
 
7.2.2 Experimental Procedures 
After providing written informed consent each participant completed a survey to confirm 
they satisfied the inclusion criteria and to characterise their normal work footwear 
patterns.  Measurements of height (cm) and body mass (kg) were then recorded and all 
participants were provided with a new pair of standardised socks (Miners Corp.  
Essentials Pty Ltd, Australia).  The participants completed a functional circuit and gait 
trials in the Biomechanics Research Laboratory at the University of Wollongong under 
four different work boot conditions.  The four different boot conditions were allocated in 
a random order to prevent any order effects (see Figure 29).  The functional circuit (see 
Figure 27) was designed to replicate common working tasks performed by underground 
coal miners (personal communication with industry, October 2016; see Chapter 2) and to 
familiarise the participants with each new boot condition.  
After completing the functional circuit, participants performed five walking trials 
on an uneven surface during which time in-shoe pressure data were collected (see Figure 
28; see Section 7.2.3.2).  At the end of each trial participants were required to fill out a 
Visual Analogue Scale (VAS) pertaining to their perceptions of boot comfort (see Section 
7.2.3.2).  The walking surface was designed to replicate the gravel surface conditions 
underground coal miners typically walk over during their daily work tasks.  The uneven 
surface (6 m x 0.8 m) was made of 10-40 mm diameter pebbles (Tuscan Path, Australia) 
and was raked after each trial to avoid the surface developing ruts or concavities.  Pebble 
size was selected to replicate coal pieces and gravel underground coal miners walk over 
(personal communication with industry, October 2016; see Figure 28).  To minimise 
fatigue, participants rested after completing the functional circuit and prior to each 
walking trial.  Following each boot condition a post-testing questionnaire was conducted 
to determine each participant’s boot preferences (see Section 7.2.3.2).  The University of 
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Figure 27: Simulated working task circuit including stepping up onto a box, 
carrying a pipe, driving a pole overhead and crouching down. 
 
7.2.3 Work Boot Conditions 
The four work boot conditions included boots with: (i) a flexible shaft + stiff sole, (ii) a 
stiff shaft + stiff sole, (iii) a stiff shaft + flexible sole and (iv) a flexible shaft + flexible 
sole (see Figure 29 and Table 11).  These boot conditions were selected as shaft stiffness 
and sole flexibility are two key boot design features that affect foot movement during 
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pressures (see Chapter 6).  The stiff shaft + stiff sole boot condition was created to 
resemble what is currently available to underground coal miners in regards to a lace-up 
boot.  Differences in the materials the boot shafts were constructed from created the 
desired differences in shaft stiffness (see Figure 29 and Table 11).  To create the flexible 
sole conditions, the Chief Investigator (JD) used a razor blade to create slits across the 
sole of the boot at the approximate point where the metatarsophalangeal joint flexes 
during walking (see Figure 29).  Participants were blinded to the test boot conditions to 
prevent bias in their comfort scores.  The boots were also “colour coded” during testing 
to blind the researchers during testing and analysis to the boot condition.  
 
 
                    
Figure 28: Uneven surface used for the walking trials.  This surface, consisting of 10-
40 mm diameter pebbles (Tuscan Path, Australia) was designed to 
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Figure 29:  The test boots: (A) the stiff shaft condition, (B) flexible shaft condition 
and (C) line where sole was cut to be create the flexible sole condition.  
The boots were custom made for the study by Mack Boots, Bunzl Brands 
and Operations, Erskine Park, NSW.  
 
In order to systematically test the effects of shaft stiffness and sole flexibility on 
the outcome variables, the boot prototypes were constructed specifically for the study so 
that all other boot design features (e.g. boot mass, shaft height) were kept as similar as 
possible.  Because the boot with a flexible shaft was 40 g lighter, small fishing sinkers 
(Size 1, Rogue, Australia) were attached across the boots with a flexible shaft to ensure 
the boots had the same overall mass.  All the boots were made to be wider across the 
forefoot and heel relative to current commercially-available safety work boots to account 
for the wide shape of coal miner’s feet (see Chapters 2-6). 
7.2.3.1 Shaft stiffness and sole flexibility testing 
Passive shaft stiffness and sole flexibility were measured with a strain gauge (LC 1205-
K200, Litra Co., LTD, Japan) attached to a prosthetic shank and foot inserted inside the 
boot (see Figure 30).  The midsole section of the boot was secured in a vice (Craftright, 
Australia; see Figure 30).  Shaft stiffness was defined as the force (N) required to pull 
A B C 
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Table 11: Boot design characteristics (Mack Boots, Bunzl Brands and Operations Pty Ltd, Australia). 
 
Variable Boot Design Characteristics Specific to each of the Four Boot Types 
 
Flexible Shaft + Stiff Sole Flexible Shaft + Flexible Sole Stiff Shaft + Stiff Sole Stiff Shaft + Flexible Sole 
Mass (kg) 0.94 0.94 0.98 0.98 
Shaft Height (cm) 29.5 29.5 30 30 
Shaft Stiffness (N)* 1.1 1.1 1.7 1.7 
Shaft Material Nappa leather + nylon: elasticised material between each eyelet to 
allow expansion and contraction 
Nappa leather: full leather with reinforced sections around 
ankle 
Sole Flexibility (⁰)** 20.3 30.2 20.3 30.2 
* Force to flex shaft to 25⁰ 
** Flex angle achieved when 30 N of force applied 





Heel Height (cm) 4 
Midsole Hardness (Shore) 58 
 
Heel Sole Width (cm) 10 
Midsole Material Phylon 
 
Forefoot Sole Width (cm) 13 
Outsole Hardness (Shore) 68 
 
External Waterproofing Waterproof 
Outsole Material Nitrate rubber (resistant to 300⁰C) Toe Cap Composite steel 
Insole Material Woven polyester (penetration resistant) Metatarsal Guard Poron XRD 
Footbed Material Breathable PU sole response foam Safety Standards Penetration resistant, metatarsal 
guard, antistatic, water resistant, 
slip resistant C 
Fastening Method 
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the shaft forward 25⁰ from the vertical (Böhm and Hösl, 2010, Cikajlo and Matjacić, 
2007).  This value was selected as ankle range of motion (ROM) when wearing high 
shafted boots is approximately 15-25⁰ during gait (Cikajlo and Matjacić, 2007, Fraser et 
al., 2014, Nunns et al., 2012).  To measure sole flexibility, the forefoot section of the boot 
was clamped in the vice (Craftright, Australia) and a force of 30 ± 0.5 N was applied 
normal to the plane of the clamped boot.  The degree to which the sole of the boot flexed 
forward was recorded (Australian/New Zealand Standard, 2010, Brittish Standards 
Institution, 2004; see Table 11).  Each test was performed three times for the left and right 
boot for all boot conditions and the average of the three trials was recorded.  Testing was 
also repeated after Participant 5, 10, 15 and 20 completed their trials to ensure the boots 
maintained the same amount of shaft stiffness and sole flexibility across all participants.  
Overall there were eight pairs of test boots (two pairs for each of the four boot conditions) 
and each boot was worn by 10 participants.  The shaft stiffness and sole flexibility testing 
showed no significant differences (p > 0.05) across the testing sessions throughout the 
study. 
7.2.3.2 Perceived comfort 
After each boot condition participants completed a 120 mm visual analogue scale (VAS; 
Lesage et al., 2012) to rate their perceptions of boot comfort; boot stability; freedom of 
foot, ankle and knee movement; difficulty of walking; shaft tightness and ankle support.  
The participants indicated their perceptions by placing a mark on the line between anchors 
such as 0 = ‘very uncomfortable’ and 12 = ‘very comfortable’.  Although perceptions of 
footwear comfort can be difficult to quantify, visual analogue scales have been shown to 
be a reliable measure of footwear comfort (Mündermann et al., 2001).  Following testing, 
participants were required to complete a post-testing questionnaire, where they were 
asked to select their preferred boot, least preferred boot and comment on why these 
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choices were made.  Participants were also asked to choose whether they liked their 
preferred test boot more or less than their current work boot and why they made this 
choice. 
 
Figure 30: Boot shaft stiffness and sole flexibility testing set up where a prosthetic 
shank and foot was inserted inside the test boot and the boot clamped at 
the middle (A) and forefoot (B) in a vice. (A) The amount of force (N) 
required to flex the shaft of the boot forward 25⁰. (B) The amount the sole 
flexed (⁰) when 30 ± 0.5 N was applied. 
 
7.2.3.3 Plantar pressures 
The plantar pressures generated inside the boot during the walking trials were measured 
(100 Hz) using Pedar-X (novelgmbh, Germany) insoles.  Each insole (99 sensors) was 
attached to the Pedar-X box, which was secured to the participant’s waist.  Before data 
A B 
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collection began, the insoles were calibrated and both insoles were zeroed each time they 
were placed inside a new boot condition, as per the manufacturer’s instructions 
(novelgmbh, Germany).  Pedar-X data acquisition software (Version 23.3.4; novelgmbh, 
Germany) was used to collect and filter the plantar pressure data of each participant’s 
right and left feet during four consecutive steps in the mid-phase of their gait across the 
gravel surface.  Novel Projects combined with Multimask evaluation (Version 13.3.42; 
novelgmbh, Germany) software was used to derive the variables of contact area (cm
2), 
contact time (ms), peak pressure (kPa) and pressure-time integral (kPa·s) across nine 
masks of each participant’s feet during the middle stride of each walking trial (see Figure 
31.  The variables of interest for each masked area of the foot were calculated using the 
mean value across the five trials.  
7.2.4 Statistical Analysis 
Means and standard deviations of the VAS scores and in-shoe pressure values were 
calculated over the five walking trials per boot condition.  A series of paired t-tests were 
then used to compare the plantar pressure data derived for the cohort’s dominant and non-
dominant foot.  As there were no significant differences between the dominant and non-
dominant foot, further analyses were restricted to the dominant foot of each participant.   
Responses to the closed-ended items of the post-testing questionnaire were coded 
and counted to define the frequency of responses for each item, before calculating 
descriptive statistics.  A thematic analysis was conducted on the answers to the open-
ended questions to determine response frequencies.  Chi-squared tests were applied to the 
data pertaining to which boot participants selected as the most preferred and least 
preferred boot to determine whether the frequency of responses differed significantly (p 
< 0.05) based on shaft type, sole type or boot type (i.e. shaft + sole combination). 






Figure 31:  Insole mask (Creation of any masks; Version 13.3.42; novelgmbh, 
Germany) showing the divisions of the 99 sensors into the nine regions of 
the foot. The masks were created as a percentage of the length (L) and 
width (W) of the insole. 
 
A two-way repeated measures ANOVA design, with two within factors of shaft 
type (flexible and stiff) and sole type (flexible and stiff) was then used to determine 
whether there were any significant main effects or interactions of either shaft type or sole 


























M1 = L0%30% W0%65% 
M2 = L0%30% W65%100% 
M3 = L30%60% W0%60% 
M4 = L30%60% W60%100% 
M5 = L60%80% W0%33% 
M6 = L60%80% W33%67% 
M7 = L60%80% W67%100% 
M8 = L80%100% W0%33% 
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within factors of shaft type (flexible and stiff), sole type (flexible and stiff) and foot region 
(M1-M9) was used to analyse the plantar pressure data.  Wilks' Lambda multivariate test 
was used to find any significant main effects and interactions.  Paired t-tests were used to 
further investigate any significant main effects and interactions.  The purpose of this 
statistical design was to determine whether any of the data were significantly different 
based on boot shaft type, sole type or an interaction of shaft x sole.  This design also 
helped determine whether the plantar pressure results were specific to a certain region of 
the foot.  
7.3 Results 
7.3.1 Perceived Comfort 
The participants’ perceptions of boot comfort, stability, walking effort, shaft tightness, 
ankle support and foot, ankle and knee range of motion in each boot condition are 
illustrated in Figure 32.  There was a significant main effect of boot shaft type on 
perceptions of foot ROM (p = 0.025) and ankle ROM (p = 0.048), and a significant main 
effect of boot sole type on perceptions of ankle support (p = 0.020).  However, further 
post-hoc analysis of the data failed to identify significant differences between the boot 
conditions.  
No significant associations were identified between which boot condition 
participants selected as the most preferred (“best boot”) and/or least preferred (“worst 
boot”) and boot shaft type or sole type.  However, there was a significant association (2 
= 11.8; p = 0.008) between overall boot type and which boot condition was selected by 
participants as the “best boot”, whereby the boot with the flexible shaft + stiff sole was 
the preferred boot condition and the boot with the stiff shaft + stiff sole was least likely 



























Figure 32: Visual analogue scale (VAS) scores of the participants’ perceptions of boot comfort; stability; walking effort; foot, ankle and 
knee range of motion; shaft tightness and ankle support grouped by boot condition (flexible shaft + stiff sole, stiff shaft + 
flexible sole, flexible shaft + flexible sole and stiff shaft + stiff sole), represented by box and whisker plots (inferior box end 
= first quartile, superior box end = third quartile, dark line = median, left whisker = minimum value, right whisker = maximum 
value and circles = outliers). 0 = Very comfortable, very stable, very easy to walk in, very moveable, very loose and very 
unsupportive. 120 = Very uncomfortable, very unstable, very hard, very restricted, very tight, very supportive. 
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Figure 33: Post-testing questionnaire results displaying the number of participants 
who reported which boot they thought was the “best boot” and which boot 
they thought was the “worst boot” (n = 19). *Indicates significantly more 
likely (p < 0.05) to be selected as the “best boot” compared to the other 
boot types. **Indicates significantly less likely (p < 0.05) to be selected as 
the “best boot” compared to the other boot types. 
 
 
Figure 34: Post-testing questionnaire results displaying which features participants 
liked about the boot they selected as the “best boot” (n = 19).  Note the 
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chose the flexible shaft + stiff sole boot as the “best boot” because of the perceived fit 
and ankle support, and because it was perceived to be comfortable and easy to walk in 
(see Figure 34).  When compared to their current work boot, 85% of participants (n = 17) 
preferred their “best test boot” better, 10% (n = 2) preferred their current boot and best 
test boot equally, and 1% (n = 1) preferred their current work boot more than the test 
boots.  The main reason participants preferred the test boots to their current work boot 
was that their preferred test boot was perceived to provide more support, particularly to 
the foot and ankle and, overall, was more comfortable. 
7.3.2 Plantar Pressure 
 Analysis of the plantar pressure variables across the nine masks of the foot revealed a 
significant main effect of boot shaft type (p = 0.043), boot sole type (p = 0.002) and foot 
region (p < 0.001) on the contact area, contact time, peak pressure and pressure-time 
integral variables.  There were also significant interactions of boot shaft type x boot sole 
type (p = 0.049), boot shaft type x foot region (p < 0.001), boot sole type x foot region (p 
< 0.001) and boot shaft type x boot sole type x foot region (p < 0.001) with respect to the 
plantar pressure variables.  Further investigations of the significant results, including the 
post-hoc analyses, are stated below. 
7.3.2.1 Shaft main effects 
There was a significant main effect of boot shaft type on the plantar pressures generated 
under the medial heel (M01; p < 0.001), medial midfoot (M03; p = 0.015), middle 
metatarsals (M06; p = 0.016) and hallux (M08; p = 0.015).  Compared to when the 
participants walked in a boot with a flexible shaft, walking in a boot with a stiffer shaft 
resulted in a significantly greater contact area and contact time under the medial heel, a 
significantly greater pressure-time integral and smaller contact area under the medial 
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midfoot and a significantly greater contact time and peak pressure under the middle 
metatarsals (see Table 12).  The effects of boot shaft stiffness on the plantar pressures 
generated under the hallux were not found to be significant in the post-hoc analyses. 
 
Table 12:  Results of the paired samples post-hoc t-test results to identify where the 
main effects of boot shaft on the plantar pressure variables derived for the 
nine masked areas of the foot, while the participants walked across the 
simulated coal mining surface, were significant. 
 
Foot Region Stiff Shaft Flexible Shaft p-value 
 Medial heel (M01) ↑ Contact area 
↑ Contact time 
 
0.038 
      < 0.001 
Medial midfoot (M03) 
↑ Pressure-time integral ↑ Contact area 0.025; 0.011 
Middle metatarsals (M06) ↑ Contact time 





7.3.2.2 Sole main effects 
There was a main effect of boot sole type on the plantar pressures generated under the 
medial heel (M01; p < 0.001), lateral heel (M02; p = 0.003) and hallux (M08; p = 0.004).  
Wearing the flexible boot sole resulted in a greater peak pressure and pressure-time 
integral under the heel and a reduced pressure-time integral under the hallux when 
compared to wearing the stiff boot sole (see Table 13).  
 
Table 13:  Results of the paired samples post-hoc t-test to identify where the main 
effects of boot sole on the plantar pressure variables derived for the nine 
masked areas of the foot, while the participants walked across the 
simulated coal mining surface, were significant. 
 
Foot Region Stiff Sole Flexible Sole p-value 
Medial heel (M01)  ↑ Peak pressure 
↑ Pressure-time integral 
< 0.001 
   0.036 
Hallux (M08) ↑ Pressure -time 
integral 
 < 0.001 
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7.3.2.3 Shaft x sole interactions 
An interaction of boot shaft type x boot sole type on the plantar pressures generated under 
the lateral midfoot (M04; p < 0.001), medial metatarsals (M05; p = 0.038), lateral 
metatarsals (M07; p = 0.009) and lesser toes (M09; p < 0.001) was found when looking 
at the foot regions individually (see Figure 35).  When the boot sole was stiff, a flexible 
boot shaft resulted in significantly increased contact area under the lateral midfoot and 
decreased peak pressure and pressure-time integral under the medial metatarsals.  A stiff 
boot shaft had increased contact time under the lateral midfoot compared to a flexible 
boot shaft when the boot sole was flexible.  A stiff shaft + flexible sole boot, compared 
to a flexible shaft + stiff sole boot, had decreased peak pressure under the lateral midfoot 
and lateral metatarsals and increased peak pressure under the lesser toes.  When the boot 
shaft was stiff, a flexible boot sole led to increased contact area and peak pressure under 
the lateral midfoot when compared to a stiff boot sole.  In contrast, a flexible boot sole 
compared to a stiff boot sole led to a greater peak pressure under the medial metatarsals 
when the boot shaft was flexible. 
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Figure 35: The plantar pressure variables and area of the foot (M04; lateral midfoot, 
M05; medial metatarsals, M07; lateral metatarsals and M09; lesser toes) 
that had a significant interaction of boot shaft x sole. *indicates a 
























By systematically altering boot shaft stiffness and sole flexibility we were able to 
investigate the effect of these boot design features on perceived comfort and plantar 
pressures generated when participants walked on a simulated underground coal mine 
surface.  Although there were no significant effects of boot shaft stiffness and sole 
flexibility on perceived comfort, the boot shaft and sole independently affected the plantar 
pressures generated under the medial midfoot, heel, middle metatarsals and hallux plantar 
pressures and, in combination, influenced the plantar pressures generated under the lateral 
midfoot, medial and lateral metatarsals and lesser toes.  The implications of these findings 
are discussed below. 
7.4.1 Perceived Comfort 
In agreement with our first hypothesis (H1), participants in the current study preferred a 
boot with a flexible shaft combined with a stiff sole.  This choice was based on the 
participants perceiving the boot with a flexible shaft + stiff sole to fit well (both in length 
and width), provide good ankle support, feel comfortable and feel easy to walk in.  
Overall, most participants liked the test boot conditions better than their current work 
boots, despite having limited time to become accustomed to the test boots or to “wear the 
boots in”.  The participants reported they preferred the test boots compared to their current 
boots because they provided improved support, particularly to the foot and ankle, and 
improved comfort.  The two types of work boots provided to underground coal miners in 
our local region at the time of this study were a gumboot, which has a flexible shaft + 
flexible sole, and a leather lace-up boot, which as a stiff shaft + stiff sole (see Chapter 3).  
In the current study, a stiff shaft + stiff sole boot was the least preferred choice and a boot 
with a flexible shaft + flexible sole was also rated relatively poorly.  It is therefore not 
surprising why, in general, a high percentage of underground coal miners rate their current 
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work boots as uncomfortable (see Chapter 2).  Manufacturers of underground coal mining 
footwear should therefore ensure that the stiffness/flexibility of the shaft and sole of future 
work boot designs are optimised to maximise boot comfort for workers in this profession. 
Although, in general, the participants preferred a boot with a flexible shaft 
combined with a stiff sole, there was large variability in the participants’ perceptions of 
comfort and there was no significant effect of boot type on boot comfort.  This variability 
was reflected by the large spread of VAS scores recorded for the participants when 
examining the effects of shaft stiffness and sole flexibility on perceived foot and ankle 
ROM, shaft tightness and ankle support.  Therefore, personal preferences will influence 
an individual’s perceptions of how differences in shaft stiffness and sole flexibility of a 
work boot influence their comfort such that there will not be one work boot design 
solution to optimise the comfort of all workers.   
Consistent with the results of the current study, Dobson et al. (2013) also found 
no significant differences in participants’ (20 males 33 ± 12 years of age, 84.8 ± 10 kg 
body mas, 1.8 ± 0.7 m height) perceptions of boot comfort when they walked on simulated 
underground coal mine surfaces in flexible gumboots compared to relatively stiff leather 
lace-up work boots.  Furthermore, participants in the Dobson et al. (2013) study based 
their most preferred boot condition on perceived fit, support and walking effort, rather 
than overall comfort.  We therefore recommend that future studies assessing boot comfort 
should incorporate questions relating to properties such as fit, moveability, walking effort 
and support rather than just comfort because these variables appear to explain why a 
participant perceives one boot as more comfortable than another. 
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7.4.2 Plantar Pressures 
7.4.2.1 Shaft and sole main effects 
When the participants walked in a boot with a stiff shaft, compared to a flexible shaft, 
there was a greater contact area and contact time under the medial heel and, in agreement 
with our second hypothesis (H2), a greater contact time and increased peak pressures 
under the middle metatarsals, irrespective of sole type.  We speculate that the stiffer shaft 
could have restricted movement of the participants’ shanks during walking, which 
therefore required additional movement of the foot to compensate and allow stable 
walking on the uneven surface (Böhm and Hösl, 2010).  This notion is supported by a 
study where a significant reduction and earlier occurrence of ankle dorsiflexion and 
greater ankle stiffness during stance occurred when participants wore a combat assault 
boot that provided support above the ankle (Nunns et al., 2012).  This additional shank 
support was linked to increased plantar pressures under metatarsals 2-5 when compared 
to a low-cut gym trainer (Nunns et al., 2012).  Therefore, it appears that when additional 
support is provided to the shank, movement of the foot is altered to compensate.  
Increased peak pressures under the middle metatarsals could, over the longer term, 
become problematic because increased plantar pressures under the metatarsals have 
previously been linked to the development of stress fractures (Arndt et al., 2003, Nunns 
et al., 2012).  This notion of altered foot and shank movement, however, is purely 
speculative in regards to underground coal mining work boots and further kinematic data 
is needed to confirm or refute this theory. 
In contrast to our third hypothesis (H3), irrespective of shaft type, wearing a boot 
with a flexible sole led to greater peak pressures and pressure-time integrals being 
generated under the medial heel but reduced pressure-time integrals under the hallux 
when compared to a stiff sole.  This result indicated the participants relied more on 
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contacting with the medial heel rather than rolling the foot forward, putting pressure on 
the hallux during stance.  Pressure-time integrals are defined as the area under the peak 
pressure time curve and are considered a more relevant parameter than peak pressure as 
this variable incorporates pressure as well as time factors, which are potentially important 
in ulcer formation (You et al., 2001).  The between-boot differences in the pressure-time 
integral values suggest that for a given time higher pressures are being generated under 
the medial heel in a flexible sole compared to a stiffer sole.  This is concerning for two 
reasons.  Firstly, laterally distributed plantar pressures during heel contact allow a more 
rigid lever, and in turn a more stable foot, to be created when walking (Aliberti et al., 
2011).  Therefore, if walking in a flexible sole relies more on the medial foot rather than 
the lateral foot it could predispose miners to a risk of developing lower limb injuries that 
are associated with foot instability, such as patellofemoral pain syndrome (Aliberti et al., 
2011, Willems et al., 2006).  Secondly, repeated higher plantar pressures under the heel 
over long time periods are a risk factor for the development of painful sores such as ulcers 
(You et al., 2001).  Underground coal miners are already more likely to report heel pain 
when working on hard surfaces (see Chapter 2).  Therefore, we recommend that work 
boots with a flexible sole should be avoided by coal miners who predominantly work on 
hard surfaces.  
7.4.2.2 Shaft x sole interactions 
The shaft x sole interaction results highlight the complexity of work boot design and 
confirm our fourth hypothesis (H4) that the shaft and sole of a work boot interact to 
influence the plantar pressures generated when walking.  These findings confirm the 
notion that boot design features cannot be examined in isolation.  As this was the first 
study to systematically alter both shaft stiffness and sole flexibility of a work boot it was 
difficult to compare our results to previous studies where other boot design features, such 
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as boot mass and shaft height, were not held constant.  The following results are therefore 
discussed with respect to the implications the current findings have for future 
underground coal mining work boot design.   
When the boot sole was stiff, a flexible shaft led to increased contact area under 
the lateral midfoot and decreased peak pressure and pressure-time integrals being 
generated under the medial metatarsals compared to a stiff shaft.  In contrast, when the 
boot sole was flexible, a stiff shaft led to an increased contact time under the lateral 
midfoot compared to a flexible shaft.  As discussed previously, laterally distributed 
plantar pressures during the earlier phases of the gait cycle are preferable compared to 
medially distributed plantar pressures because lateral plantar pressures allow a more rigid 
lever, and in turn a more stable foot, to be created when walking (Aliberti et al., 2011).  
Interestingly, in the boot that had a combination of a flexible shaft + stiff sole not only 
was there more contact area in the lateral midfoot but the peak pressure and pressure-time 
integrals under the medial metatarsals were reduced.  Therefore, it is possible that the 
flexible shaft + stiff sole boot design is more effective at allowing the foot to naturally 
roll-over laterally during stance and, in turn, taking pressure off the metatarsals when the 
participants walked across a gravel surface.  Indeed, when comparing the boot with a 
flexible shaft + stiff sole to the boot with a stiff shaft + flexible sole there was increased 
peak pressure under the lateral midfoot and lateral metatarsals, further supporting a more 
lateral roll of the foot in the flexible shaft + stiff sole boot condition.  However, this result 
was combined with an increased peak pressure under the lesser toes, implying that the 
foot is not able to cross over medially to be able to push-off via the hallux as required at 
the end of stance (Winter, 2009).  By altering normal foot motion, the joints of the lower 
limb are forced to rely on secondary structures, such as the muscles and ligaments, for 
support during walking (Neely, 1998).  This is particularly problematic for underground 
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coal miners walking on uneven and unstable surfaces (Gates et al., 2012) because the 
demand placed on the lower limb to stabilise and maintain dynamic equilibrium while 
walking on such challenging surfaces is already heightened (Menz et al., 2003).  
Therefore, a boot with a flexible shaft combined with a sole that is stiff along the midfoot 
and heel but provides some flex around the metatarsal and toe areas may be ideal to 
encourage the foot’s natural movement when walking on an uneven surface.  
Alternatively, it might be feasible to design an insert that goes inside the boot or design 
the shape of the forefoot of the boot to encourage optimal foot movement.  More detailed 
kinematic data, however, is required to provide further insight into the results of the 
current study and confirm whether this concept of a boot with a flexible shaft + partially 
flexible sole could enhance movement of the foot when walking on a gravel surfaces.  
These results also need to be examined when miners walk on surfaces other than gravel 
to see whether the results are consistent or whether more surface-specific 
recommendations are needed. 
7.4.3 Limitations 
This study involved measuring an acute effect of the test boot conditions on the outcome 
variables.  Underground coal miners, however, work long shifts that range from 8-12 
hours (see Chapter 2).  It is unknown whether the results found in the current study would 
apply after such a long period of time.  We therefore recommend that further research is 
warranted to assess whether the acute effects of changes to shaft stiffness and sole 
flexibility of coal mining work boot are evident over longer working shifts. 
7.5 Conclusions 
Underground coal mining work boot shaft stiffness and sole flexibility each significantly 
affected the plantar pressures generated under the medial midfoot, heel, middle 
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metatarsals and hallux and, in combination, affected plantar pressures generated beneath 
the lateral midfoot, medial and lateral metatarsals and lesser toes.  The between-boot 
differences in the pressure-time-integral values suggested that for a given time, higher 
pressures are being generated under the medial heel in a work boot with a flexible sole 
compared to a stiffer sole.  Therefore, work boots with a flexible sole should be avoided 
by coal miners who predominantly work on hard surfaces.  Participants preferred a boot 
with a flexible shaft combined with a stiff sole, with properties such as fit, moveability, 
walking effort and support explaining why a participant perceived one boot as more 
comfortable than another.  The least preferred boots incorporated a stiff shaft combined 
with a stiff sole or a flexible shaft combined with a flexible sole.  We therefore recommend 
that underground coal mining work boots should be designed to incorporate different 
flexibility and stiffness between the shaft and sole of the boot to optimise foot movement 
and, in turn, walking efficiency.  





Effect of work boot shaft stiffness and sole flexibility on lower 
limb muscle activity and ankle alignment at initial foot-ground 
contact when walking on simulated coal mining surfaces: 
Implications for reducing slip risk 
 
This chapter is an amended version of the manuscript:  Dobson, J.A., Riddiford-Harland, 
D.L., Bell, A.F., Wegener, C. & Steele, J.R. 2019.  Effect of work boot shaft stiffness and 
sole flexibility on lower limb muscle activity and ankle alignment at initial foot-ground 
contact when walking on simulated coal mining surfaces: Implications for reducing slip 
risk. Gait & Posture (submitted for publication December 2018). 
Abstract 
Design features of safety work boots, such as variations to shaft stiffness and sole 
flexibility, have the potential to influence how underground coal miners’ feet interact with 
the challenging surfaces they walk on and, in turn, their risk of slipping.  Despite the 
importance of work boot design in reducing the risk of miners slipping, limited research 
has investigated how boot design features, such as shaft stiffness and sole flexibility, 
affect the way miners walk.  Therefore, this study aimed to investigate the effects of 
systematic variations to boot shaft stiffness and sole flexibility on lower limb muscle 
activity and ankle motion in preparation for initial foot-ground contact when 20 males 
walked across two simulated coal mining surfaces under four mining boot conditions.  
Participants displayed earlier onsets and additional thigh and shank muscle activity when 
they walked in boots that were overall stiff or overall flexible relative to the other boot 
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conditions.  It was concluded that a boot that has variable flexibility and stiffness between 
the shaft and sole is a better design option for underground coal miners in regards to 
reducing slip risk than a boot that is overall stiff or overall flexible.   
8.1 Introduction 
The primary requirement for everyday work footwear is to maintain and enhance mobility 
(Howard and Oakley, 1985).  However, in occupations where a safety work boot is 
compulsory, the need to maintain and enhance mobility becomes a secondary priority to 
safety requirements.  For example, mandatory safety toe caps, high boot shafts, and 
penetration resistant soles are required in safety work boots to protect the lower limb of 
workers from falling objects, undesirable external stimuli and puncture wounds.  
Although providing protection, these work boot safety features often restrict movement 
of the lower limb while individuals walk (see Chapter 6).  The foot’s natural motion, 
particularly during the roll-over process and propulsive phase while walking, can be 
affected by a safety toe cap and a thick sole, which restricts movement of the foot, and a 
high boot shaft, which restricts movement of the ankle (Böhm and Hösl, 2010; see 
Chapter 7).  When the lower limb is unable to move naturally, there is increased reliance 
on secondary structures, such as the muscles, for support during walking (Smith et al., 
1999).  During prolonged walking an increased reliance on the lower limb muscles for 
support can be problematic because this increases the risk of overuse injuries, sprains and 
strains (Dobson et al., 2015, Armour, 2003). 
Walking constitutes a large component of the day-to-day activities performed by 
underground coal miners, with most workers spending 8-12 hours on their feet either 
standing or walking (see Chapter 2).  Underground coal miners also work on challenging 
surfaces that are often wet, uneven and unstable (see Chapter 2).  Therefore, miners’ boots 
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are required to meet safety standards and protect the workers’ feet from workplace 
hazards while simultaneously providing sufficient support and flexibility needed to walk 
on these challenging surfaces (see Chapter 2).  However, the design of current 
underground coal mining work boots is not meeting these requirements because miners 
currently experience a high incidence of work-related lower limb injuries, with sprains 
and strains caused by slipping being highly prevalent (Armour, 2003, WorkCover NSW, 
2010; see Chapter 2).  
A slip is typically initiated by a sudden increase in the horizontal velocity of a 
shoe as it contacts the supporting surface (Woollacott and Tang, 1997).  A dangerous 
forward slip is most likely to occur less than 70-120 ms after the heel strikes the ground 
(Perkins and Wilson, 1983).  Therefore, initial contact between the foot and ground is 
considered to be the critical point during the gait cycle when a slip is most likely to occur 
(Lockhart and Kim, 2006, You et al., 2001).  Immediately after initial foot-ground 
contact, if the lower limb does not adequately decelerate, or if there is a poor shoe-surface 
interaction, the shear forces generated by the foot contacting the supporting surface will 
exceed the frictional forces opposing the foot’s movement and a slip will eventuate 
(Lockhart and Kim, 2006).  Higher heel contact velocities at initial foot-ground contact 
are therefore a primary risk factor for slipping during walking.   
A reason for increased or decreased heel contact velocity at initial foot-ground 
contact is the way an individual recruits his or her lower limb muscles in preparation for 
initial contact (Lockhart and Kim, 2006).  Increased heel contact velocities are thought to 
result from delayed and reduced activation of the hamstring muscles prior to initial 
contact (Winter et al., 1990, Friedman, 2008).  Other researchers, however, have 
speculated that co-contraction of the hamstring and quadriceps muscles, rather than just 
activation of the hamstring muscles, ultimately controls the speed of the leg as the foot 
 Chapter 8 
173 
 
approaches initial contact with the ground (Lockhart and Kim, 2006, Chambers and 
Cham, 2007).  Irrespective of which lower limb muscles control heel contact velocity, it 
is imperative that any changes in work boot design do not impede lower limb muscle co-
ordination in a manner that would increase heel contact velocity at initial foot-ground 
contact. 
In addition to heel contact velocity, ankle motion at initial contact influences the 
shoe-surface interaction.  Ideally, at initial contact, the ankle should be in a relatively 
neutral position in the sagittal plane and slightly adducted and externally rotated to allow 
the heel to initially contact the ground (Perry, 1992).  Activation of the shank muscles is 
also important in preventing a slip at initial contact by controlling movement of the foot 
at the ankle joint.  For example, individuals will typically increase the peak activity of 
muscles that control the ankle joint to keep the foot in a stable position and prevent 
slipping in anticipation of walking on a slippery surface (Chambers and Cham, 2007).  
Healthy individuals are typically able to alter their lower limb muscle activity and ankle 
motion (Chambers and Cham, 2007, Tang et al., 1998) to correct their balance in response 
to a slip when walking on a level, even surface (Austin et al., 1999).  Underground mines, 
however, comprise an unpredictable environment whereby the supporting surface can be 
both uneven and moveable (Gates et al., 2012) due to gravel and soft coal dust (personal 
communication with industry, October 2016).  Successfully walking across these types 
of uneven, moveable surfaces requires constant adjustments of the lower limb muscles to 
keep the foot contacting the supporting surface in a way that retains an individual’s line 
of gravity within his or her base of support (Lockhart and Kim, 2006, Chambers and 
Cham, 2007, Tang et al., 1998, Gates et al., 2012) to prevent a slip from occurring.   
Lower limb mediated slip alterations, particularly in response to uneven surfaces, 
appear to depend on the design of the work boots worn (Dobson et al., 2015, Park et al., 
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2015).  When walking on uneven surfaces it is vital that the foot and ankle have enough 
flexibility to allow adjustments in balance to occur, but not too much flexibility that the 
ankle rolls (Böhm and Hösl, 2010, Smith et al., 1999, Armour, 2003).  The shaft of a boot 
provides external support for the shank, thereby influencing ankle motion (Noé et al., 
2009).  In contrast, the sole of a boot influences how the foot interacts with the surface, 
which in turn, can change the position of the ankle during walking (Nurse et al., 2005).  
Changing footwear shaft and sole stiffness also potentially triggers a reorganisation of the 
muscle activity that is responsible for stabilising the ankle and knee joint (Noé et al., 
2009).  Mining work boots of varying shaft stiffness and sole flexibility may therefore 
influence how an underground coal miner's feet interact with an uneven surface, thereby 
dictating the amount of lower limb muscle activity generated to support a joint, such as 
the ankle or knee, in an attempt to reduce the risk of a slip.  
Despite the importance of work boot design in reducing the risk of miners 
slipping, only one previous study could be located that investigated boot design features, 
such as shaft stiffness and sole flexibility, in a systematic way (see Chapter 6).  The test 
boot conditions in most previous research have differed with respect to several critical 
design features such as boot mass, shaft height and midsole hardness, rather than altering 
just one design feature in isolation.  It has therefore been difficult to draw conclusive 
results from previous studies because any of these boot design features could influence 
lower limb biomechanics during walking (see Chapter 6).  In the one study in which boot 
design parameters were systematically altered (see Chapter 7), changes to a boot shaft 
and a boot sole were found to significantly influence boot comfort and the plantar 
pressures generated when individuals walked on challenging surfaces, such as those 
experienced by underground coal miners.  It remains unknown, however, whether 
changes to a boot shaft and/or a boot sole can influence lower limb muscle activity or 
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ankle motion, especially in preparation for initial foot-ground contact, in an attempt to 
reduce the risk of a slip.  Therefore, this study aimed to investigate the effects of 
systematic variations to shaft stiffness and sole flexibility in safety work boots on lower 
limb muscle activity and ankle motion in preparation for initial foot-ground contact when 
individuals walked across simulated underground coal mining surfaces.  It was 
hypothesised that boot shaft stiffness and boot sole flexibility would interact to influence 
lower limb muscle activity and the ankle alignment displayed at initial foot-ground 
contact during the gait cycle.  Specifically, compared to work boots in which both the 
shaft and the sole were overall stiff or overall flexible, a boot designed with different 
stiffness between the shaft and sole would influence:  
(i) heel contact velocity at initial foot-ground contact by altering the onset of the thigh 
muscles relative to initial contact, and  
(ii) the position of the foot at the ankle at initial foot-ground contact by altering the 
activity of the shank muscles. 
8.2 Methods 
8.2.1 Participants 
Twenty males who habitually wore steel-capped safety boots (11 underground coal 
miners; 9 trade workers who wore safety boots; age 36 ± 13.8 years; height 174.8 ± 6.3 
cm, body mass 76.9 ± 9.2 kg) volunteered to participate in this study.  Participants were 
excluded from the study if they had lower limb injuries or foot pain/discomfort that 
impaired their ability to perform the experimental procedures, or habitually wore 
corrective shoe inserts (such as orthoses).  Recruitment involved posting the study details 
on social media and through South32 (Australia) advertising the study on work 
noticeboards, work newsletters and during mine training sessions.  The participant age, 
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body stature measurements, working roles, working surfaces and time spent walking 
during a typical 8-10-hour shift were consistent with those previously reported for 
underground coal mine workers (see Chapter 2).  A priori analysis confirmed that a cohort 
of 20 participants was sufficient to demonstrate a significant difference between the boot 
conditions with a power of 95% (at an alpha level of 0.05; Dobson et al., 2015). 
8.2.2 Experimental Procedures 
After providing written informed consent each participant completed a survey to confirm 
they satisfied the inclusion criteria.  Height (cm) and body mass (kg) were then recorded 
and all participants were provided with a new pair of socks (Miners Corp., Essentials Pty 
Ltd, Australia).  Electromyography (EMG) sensors (Delsys Inc., USA), motion capture 
sensors (Optotrak Certus® Northern Digital Inc., Canada) and an electronic goniometer 
(Biometrics Ltd, UK) were adhered to specific locations on each participant’s dominant 
lower limb (see Sections 8.2.3.1 and 8.2.3.2) and pressure insoles (Pedar-X novelgmbh, 
Germany) were inserted inside the test boots (see Section 7.2.3.3).  Before data collection 
began, participants completed a functional circuit set out in the Biomechanics Research 
Laboratory at the University of Wollongong (see Figure 27).  This circuit was used to 
recreate some of the common working tasks performed by underground coal miners and 
familiarise participants with each new boot condition (see Section 7.2.2).  After 
completing the functional circuit, participants performed five walking trials on an uneven 
gravel and a soft surface where lower limb muscle activity (see Section 8.2.3.1) and ankle 
motion (see Section 8.2.3.2) data were collected.  The two walking surfaces were 
designed to replicate the environmental surface conditions underground coal mine 
workers typically walk on during their daily work tasks (see Figure 36).  The uneven 
surface (6 m x 0.8 m) was made of pebbles 10-40 mm in diameter (Tuscan Path, Australia) 
and was raked after each trial so that the surface remained relatively even.  These pebble 
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sizes were selected as they represented coal pieces typically encountered in underground 
coal mines (personal communication with industry, October 2016).  The soft surface (6 
m x 0.8 m) was made of underlay foam (Standard Carpetmate, Dunlop, Australia) and 
was selected to recreate the soft coal dust surface the underground coal miners walk on 
(personal communication with industry, October 2016).  Walking speed was not 
controlled as we wanted the participants to walk as naturally as possible in the boots. 
To ensure order effects did not influence the results, boot condition order and 
surface condition order were randomised.  To minimise fatigue, each participant was 
allowed to rest between completing the functional circuit and each walking trial.  The 
University of Wollongong Human Research Ethics Committee (HE14/396) approved all 
study procedures. 
8.2.3 Boot Conditions 
The four boot conditions included a boot with a stiff shaft + stiff sole (overall stiff boot; 
similar to currently available lace-up boot), a flexible shaft + flexible sole (overall flexible 
boot), a stiff shaft + flexible sole and a flexible shaft + stiff sole (see Figure 29).  The boot 
conditions were selected because shaft stiffness and sole flexibility are important boot 
design features that appear to interact with one another and affect lower limb muscle 
activity and ankle motion at initial contact when individuals walk (see Chapter 6).  The 
boot design characteristics are described in detail elsewhere (see Section 7.2.3).  In 
summary, the boot shafts were constructed from a variety of materials to create 
differences in shaft stiffness (see Figure 29).  To create the flexible sole conditions, the 
Chief Investigator (JD) used a razor blade to cut slits across the sole of the boot at the 
approximate location where the metatarsophalangeal joints flex during walking (see 
Figure 29).  The boots were “colour coded” during testing (red, blue, green and yellow) 
to blind the participants and researchers to boot condition during testing and analysis.  
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Shaft stiffness and sole flexibility testing were performed after Participant 5, 10, 15 and 
20 completed their trials to ensure the boots maintained the same amount of shaft stiffness 
and sole flexibility across all participants.  The full details of this testing procedure are 
provided elsewhere (see Section 7.2.3.1). 
 
Figure 36: Uneven gravel and soft surfaces used for the walking trials: (A) uneven 
surface formed by 10-40 mm diameter pebbles and (B) soft surface formed 
by underlay foam.  These surfaces were designed to simulate the “feel” of 
underground coal mining surfaces in a laboratory environment. 
 
An Optotrak Data Acquisition Unit II (ODAUII; 270 mm x 175 mm x 65 mm; 2 
kg) was used to record the lower limb muscle activity data (see Section 8.2.3.1), which 
was synchronised with the ankle motion capture data and a trigger switch, which activated 
the Biometrics DataLOG system (Biometrics Ltd, UK; see Section 8.2.3.2).   
8.2.3.1 Lower limb muscle activity 
The lower limb muscle activity generated during the walking trials were recorded (1000 
Hz; bandwidth 20-450 Hz) using a wireless EMG system (TrignoTM, Delsys Inc., USA).  
An EMG sensor (Delsys Adhesive Sensor Interface; Delsys Inc., USA) was attached over 
the muscle bellies of vastus lateralis (VL), semitendinosus (ST), tibialis anterior (TA), 
6 m 
0.8 m 0.8 m 
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peroneus longus (PL) and gastrocnemius medialis (GM) on each participant’s dominant 
lower limb (see Figure 37).  Standard EMG sensors (37 mm x 26 mm x 15 mm, < 15 g) 
were used to monitor the activity of VL and ST whereas mini EMG sensors (25 mm x 12 
mm x 7 mm, 2.1 g) were used for TA, PL and GM because these muscle bellies were 
located under the shaft of the boot (see Figure 37).  Electrode placement sites were 
identified following recommendations by SENIAM (1999) and the guidelines endorsed 
by the International Society of Electrophysiology and Kinesiology (Merletti, 1999).  
These muscles were selected for analysis due to their superficial location and their role in 
controlling heel contact velocity and motion of the foot about the ankle joint at initial 
contact (Perry, 1992).  Prior to electrode placement, the skin over each designated muscle 
belly was shaved, abraded with prep tape and cleaned with an alcohol swab to ensure 
optimal readings (Cram et al., 1998).  
A custom MATLAB (R2017b 9.30 713579) script was used to analyse the EMG 
data.  After visual inspection of the data (to exclude those trials contaminated grossly by 
movement artefact), the raw EMG signals were filtered using a fourth-order zero-phase-
shift Butterworth low pass filter (fc = 15 Hz).  The in-shoe pressure data were then used 
to determine when initial contact occurred (see Section 7.2.3.3).  The filtered EMG 
signals representing the muscle bursts immediately before initial contact were visually 
inspected using a threshold detector of 12% of the maximum burst to determine the timing 
(ms) of muscle onsets relative to initial contact (whereby a negative value indicated that 
the muscle onset occurred before initial contact).  When the muscle burst onset and offset 
were confirmed, the software automatically derived the peak value (mV) and duration 
(ms) of the burst.  The mean of five walking trials performed by each participant on each 
surface, walking in each of the four footwear conditions were analysed.  The literature 
consistently shows that when stability is challenged, muscle activity, expressed in 
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millivolts (mV), consequently increases (Blackburn et al., 2003, Greensword et al., 2012, 
Mika et al., 2012, Nigg et al., 2006, Romkes et al., 2006).  Therefore, the area under the 
curve (mV/s) was used as a measure of muscle intensity (Finsterer, 2001, Hamill and 
Bensel, 1996).   
8.2.3.2 Ankle motion 
Each participant’s ankle motion within the boot was captured (100 Hz) using a twin-axis 
electronic goniometer (29 g; accuracy ± 2º measured over a range of ± 90º; Biometrics 
Ltd, UK).  The goniometer was mounted using double-sided adhesive tape (Creative Hair 
Products, Australia) and positioned across the ankle joint of the participant’s dominant 
limb following the instructions of the manufacturer (see Figure 37).  The goniometer was 
attached to a DataLOG (Type No. MWX8 Bluetooth®; 104 x 62 x 22 mm; 129 g) and 
data were sent to the DataLOG software application in real time via Bluetooth®.  A 
custom MATLAB script was then used to derive the ankle plantar flexion and eversion 
angles at initial contact.  The data were filtered using a zero-phase shift 2nd order 
Butterworth filter with a cut-off at 12 Hz (MATLAB function filtfilt), as recommended 
by the software manufacturers (MathWorks®, Natick, United States; Biometrics Ltd, 
UK). 
To quantify heel contact velocity, the motion of each participant’s dominant lower 
limb was recorded while he walked in each boot condition using an Optotrak Certus® 
motion analysis system (Northern Digital Inc., Ontario, Canada).  Before each data 
collection session, a new global coordinate system alignment was performed and the 
position sensor coordinate system was defined (positive y as upward, positive x as the 
direction of travel and positive z as pointing to the right; Wu and Cavanagh, 1995).  To 
track each participant’s foot and shank, 11 smart markers (11 mm diameter) were attached 
over the skin or the boot (double-sided toupee tape, Creative Hair Products, Australia) at 
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specific anatomical landmarks (see Figure 37).  The smart markers were connected to a 
wireless strober unit (85 mm x 55 mm x 20 mm; 100 g) using flat smart marker 
interconnect cables (40 mm – 900 mm long) and smart marker hubs (see Figure 37).  The 
coordinates were detected by three Certus® Position Sensors (161 mm x 200 mm x 1126 
mm; 18 kg), which were factory calibrated with an accuracy of 0.1 mm and a resolution 
of 0.01 mm.  The motion capture data were sampled at 100 Hz across one whole gait 
cycle using NDI First Principles software (Version 1.2.4, Northern Digital Inc., Canada) 
and stored for later analysis.   
The positional data were loaded into Visual 3D (Professional, Version 5.02.27, 
ATI Technologies Inc., Canada) where it was filtered using a Butterworth low pass (fc = 
6 Hz) digital filter (Böhm and Hösl, 2010, Andres et al., 2005, Simpson et al., 1993).  
From these smoothed positional data, a rigid body model (see Table 15, pg. 205) was 
constructed to derive the horizontal heel contact velocity, which was defined as the first 
derivative of the proximal end of the foot segment at initial foot-ground contact.  Initial 
contact was defined using a velocity-based algorithm described by C-Motion (Maryland, 
United States) and based on recommendations by Zeni et al. (2008).   
8.2.4 Statistical Analysis 
Means and standard deviations for the lower limb muscle activity and ankle alignment 
data across the five walking trials were calculated per boot condition.  A three-way 
repeated measures ANOVA design, with three within factors of boot shaft type (flexible 
and stiff), sole type (flexible and stiff) and surface condition (gravel and soft) was then 
used to determine whether there were any significant main effects or interactions of either 
shaft type, sole type, or surface condition on the lower limb muscle activity and lower 
limb motion data displayed by the participants.  Wilks' Lambda multivariate test was used 
to determine any significant main effects and interactions.  Paired t-tests further 
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investigated any significant main effects and interactions.  This design determined 
whether any of the data were significantly different between the boot shaft and sole types 
and whether any of these differences were influenced by which surface the participants 
were walking on.  An alpha level of p ≤ 0.05 was used for all statistical comparisons and 
all tests were conducted using SPSS statistical software (Version 21, SPSS, USA). 
 
   
 
Figure 37:  Participant showing: (A) EMG sensor placement for the lower limb.  
Muscles: vastus lateralis (VL), semitendinosus (ST), tibialis anterior (TA), 
peroneus longus (PL) and gastrocnemius medialis (GM). (B) Optotrak 
(Northern Digital Inc., Canada) smart marker positions, the strober unit 
(1), flat smart marker interconnect cables (2) and smart marker hubs (3). 
The smart markers were placed on the 1st, 2nd and 5th metatarsal heads 
(boot), navicular (boot), posterior calcaneus (boot), anterior shank (boot), 
lateral and medial malleoli (boot) and tibial tuberosity (skin). (C) 
Electronic goniometer placement (Biometrics Ltd, UK).    
 
8.3 Results 
8.3.1 Effects of Boot and Surface Type on Lower Limb Muscle Activity 
8.3.1.1 Muscle burst onsets 
There was a significant main effect of boot shaft type (p < 0.001) and surface condition 










 Chapter 8 
183 
 
interaction of boot shaft type x boot sole type x surface condition (p = 0.002) on the 
muscle burst onsets (ms) relative to initial contact.  When participants walked on the 
gravel surface there was a main effect of boot shaft type (p < 0.001), a main effect of boot 
sole type (p = 0.032) and a boot shaft type x boot sole type interaction (p = 0.032) on the 
muscle burst onsets (ms) relative to initial contact.  In contrast, when the participants 
walked on the soft surface, there was a significant main effect of boot sole type (p < 0.001) 
and a boot shaft type x boot sole type interaction (p = 0.044) on the muscle burst onset 
(ms) relative to initial contact (see Figure 38 and Figure 39).  Details of these significant 
main effects and interactions are stated below. 
Thigh muscle onsets: When the boot had a stiff sole and the participants walked on a 
gravel surface, a stiff boot shaft resulted in an earlier VL (p = 0.047) and ST (p = 0.003) 
onset relative to initial contact compared to a flexible boot shaft (see Figure 38).  There 
was also a difference between sole types when the participants walked on the gravel 
surface while wearing a boot with a flexible shaft.  That is, a flexible sole led to an earlier 
ST onset (p = 0.004) compared to a stiff sole (see Figure 38) when the boot shaft was 
flexible.  Furthermore, when the participants walked on the soft surface while wearing a 
boot with a flexible shaft + flexible sole, there was earlier VL onset (p = 0.001) relative 
to initial contact compared to when wearing a boot with a flexible shaft + stiff sole (see 
Figure 38). 
Shank muscle onsets:  When participants walked on the gravel surface wearing a boot 
with a stiff sole combined with a stiff shaft, PL was activated significantly earlier (p = 
0.023) and GM was activated significantly later (p = 0.005) relative to initial contact 
compared to when wearing a boot with a stiff sole combined with a flexible shaft (see 
Figure 39).  Furthermore, when walking on the gravel surface wearing a boot with a 
flexible sole, a flexible shaft led to a later TA onset (p = 0.023) relative to initial contact 
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compared to a stiff shaft (see Figure 39).  On the soft surface, however, when the shaft 
was stiff, a stiff sole led to an earlier PL onset (p = 0.005) relative to initial contact when 
compared to a flexible sole (see Figure 39).   
8.3.1.2 Peak muscle activity 
The boot sole type (p = 0.041) and surface condition (p < 0.001) both had a significant 
main effect on the peak activity of the lower limb muscles at initial foot-ground contact.  
There was also a significant interaction of boot shaft type x boot sole type (p < 0.001), an 
interaction of boot shaft type x surface condition (p = 0.035) and an interaction of boot 
sole type x surface condition (p = 0.002) on the peak lower limb muscle activity at initial 
contact.  When the participants walked on the gravel surface there was a significant main 
effect of boot sole type (p = 0.029) and an interaction of boot shaft type x boot sole type 
(p < 0.001) on the peak lower limb muscle activity at initial contact (see Figure 38 and 
Figure 39).  In contrast, when the participants walked on the soft surface, there was a 
significant main effect of boot shaft type (p = 0.026), a significant main effect of boot 
sole type (p = 0.009) and an interaction of boot shaft type x boot sole type (p <0.001) on 
the peak lower limb muscle activity at initial contact (see Figure 38 and Figure 39).  
Details of these significant main effects and interactions are stated below. 
Peak thigh muscle activity: When the participants walked on a gravel surface while 
wearing a boot with a stiff sole, a stiff boot shaft led to increased peak ST activity (p = 
0.041) at initial contact compared to a flexible boot shaft.  There was also a difference in 
peak ST activity between sole types on the gravel surface when participants wore a boot 
with a stiff shaft, whereby wearing a boot with a stiff sole led to increased ST activity (p 
= 0.028) compared to a flexible sole (see Figure 38 and Figure 40).  When the participants 
walked on the soft surface, peak ST activity was significantly higher (p < 0.001) when 
they wore a boot with a stiff shaft, compared to a boot with a flexible shaft, when the boot 
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sole was stiff (see Figure 38 and Figure 40).  In regards to sole flexibility, when the boot 
had a flexible shaft, a flexible boot sole led to significantly increased peak ST muscle 
activity (p < 0.001) at initial contact compared to a stiff boot sole on the soft surface (see 
Figure 38 and Figure 40). 
Peak shank muscle activity: When the participants walked on the soft surface while 
wearing a boot that had a flexible sole, there was significantly higher peak GM muscle 
activity (p = 0.038) relative to initial contact in the boot with a flexible shaft compared to 
a boot with a stiff shaft (see Figure 39 and Figure 40). 
8.3.1.3 Muscle burst duration 
There were no significant main effects of either boot shaft or boot sole on the duration of 
the lower limb muscle bursts at initial contact (see Figure 40).  Although there was a 
significant main effect of surface condition (p < 0.001) on lower limb muscle duration, 
this finding was not explored any further because the main aim of this study was to 
investigate changes in boot shaft and boot sole type on lower limb muscle activity. 
  









Figure 38: The significant interactions of boot shaft x sole on the thigh muscle 
variables when walking on the gravel (G) and soft (S) surface. VL = vastus 
lateralis and ST = semitendinosus. *indicates a significant difference 
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Figure 39: The significant interactions of boot shaft x sole on the shank muscle 
variables when walking on the gravel (G) and soft (S) surface. TA = 
tibialis anterior, PL = peroneus longus and GM = gastrocnemius medialis. 
*indicates a significant difference between boot shaft type or boot sole 





















Figure 40: Mean (± standard deviation) of the peak muscle burst value (mV) and 
muscle burst duration value (ms) for the thigh muscles (VL = vastus 
lateralis, ST = semitendinosus) and shank muscles (TA = tibialis anterior, 
PL = peroneus longus, GM = gastrocnemius medialis) on the gravel and 
soft surface. *indicates a significant difference between a stiff and flexible 
boot shaft when the boot sole is stiff. **indicates a significant difference 
between a stiff and flexible boot sole when the boot shaft is stiff. 
***indicates a significant difference between a stiff and flexible boot sole 
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8.3.2 Effects of Boot and Surface Type on Heel Velocity and Ankle 
Alignment 
 
8.3.2.1 Heel contact velocity 
There were no significant main effects or interactions of boot shaft type, sole type or 





Figure 41: Mean (± standard deviation) of the ankle motion data when the 
participants walked on the soft and gravel surfaces: heel contact velocity 
(s) and plantar flexion (PF) and eversion (EV) angle (degrees). *indicates 
a significant difference between a stiff and flexible boot shaft when the 
boot sole is flexible. **indicates a significant difference between a stiff 
and flexible boot sole when the boot shaft is stiff. 
 
8.3.2.2 Ankle alignment at initial contact 
There was a significant main effect of boot shaft type (p = 0.022), an interaction of boot 
shaft type x boot sole type (p = 0.033) and an interaction of boot shaft type x boot sole 
type x surface condition (p = 0.041) on the ankle alignment displayed by the participants 
at initial contact.  When these results were analysed by surface condition, there was a 
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0.027) and a boot shaft type x boot sole type interaction (p = 0.027) when the participants 
walked on the gravel surface.  Upon further analysis of the participants walking on gravel, 
when they wore a boot with a flexible sole, a stiffer boot shaft led to a greater eversion 
angle at initial contact compared to a flexible shaft (p < 0.001).  There was also a 
difference between sole types at initial contact when the participants walked on the gravel 
surface.  That is, a significantly greater eversion angle (p = 0.002) was displayed when 
the participants wore a boot with a stiff shaft combined with a flexible sole compared to 
a stiff boot sole (see Figure 41).  There were no further significant main effects or 
interactions of the boot shaft type or boot sole type when the participants walked on the 
soft surface (see Figure 41).  The significant findings for the study are summarised in 
Table 14. 
 
Table 14: Summary of the lower limb muscle activity and ankle motion data 
significant interactions (p < 0.05) when the participants walked on the 
gravel and soft surfaces. (A): Stiff boot shaft compared to a flexible boot 
shaft when the boot sole was stiff and when the boot sole was flexible.  
(B): Stiff boot sole compared to a flexible boot sole when the boot shaft 
was stiff and when the boot shaft was flexible. VL = vastus lateralis, ST = 
semitendinosus, PL = peroneus longus, GM = gastrocnemius medialis and 
TA = tibialis anterior. 
 
Boot Shaft Boot Sole Gravel Soft 
(A) 
Stiff vs. flexible 
Stiff earlier onset VL, ST and PL ↑ peak activity ST 
 later onset GM 
 ↑ peak activity ST 
Flexible earlier onset TA ↓ peak activity GM 
  ↑ ankle eversion   
 
Boot Sole Boot Shaft Gravel Soft 
(B) 
Stiff vs. flexible 
Stiff ↑ peak activity ST 
↓ ankle eversion 
VL later onset 
earlier onset PL 
Flexible later onset ST VL later onset 
   ↓ peak activity ST 
 




By systematically altering boot shaft stiffness and sole flexibility, we were able to 
investigate the effects of these specific boot design features on lower limb muscle activity 
and ankle angle at initial contact during walking.  The complexity of work boot design 
was highlighted by the numerous significant shaft type x sole type x surface type 
interactions affecting the lower limb muscle activity and ankle angle data at initial contact 
in the current study.  These results are in agreeance with our hypothesis and highlight the 
notion that boot design features should not be examined in isolation because interactions 
between the design features and the surfaces walked upon need to be considered when 
designing future work boots for underground coal miners.  Although there were no 
significant differences in heel contact velocity between the boot conditions, boot shaft 
type, sole type and surface condition interacted to significantly influence the activity of 
the thigh and shank muscles and the position of the ankle at initial contact.  The 
implications of these findings in terms of slip risk when walking on simulated 
underground coal mining surfaces are discussed below. 
8.4.1 Effect of Thigh Muscle Activity on Heel Contact Velocity 
In partial contrast to our hypotheses, the boot shaft type and boot sole type did not 
significantly influence the velocity of the heel at initial foot-ground contact.  However, in 
agreement with our hypotheses, thigh muscle activity was significantly affected by 
different combinations of stiffness and flexibility between the shaft and the sole of the 
work boots.  These differences in thigh muscle activity between the test boot conditions 
appeared to be activated to keep the heel velocity at initial contact constant, most likely 
in order to negate any increase in slip risk.   
The differences in semitendinosus (ST) activity, for example, between the boot 
conditions could explain why heel contact velocity was not significantly affected by the 
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boot conditions in the present study.  Increased ST activity would ensure the swing leg 
was adequately decelerated leading into initial contact, thereby influencing heel contact 
velocity (Perry, 1992).  There was increased peak ST activity when the participants wore 
the overall stiff boot (stiff shaft + stiff sole) compared to the boots with different stiffness 
(flexible shaft + stiff sole and the stiff shaft + flexible sole) when they walked on the 
gravel and soft surfaces.  We speculate that this additional ST activity in the overall stiff 
boot condition was required to adequately decelerate the swing leg leading into initial 
contact, possibly due to an inability to make any modifications at the ankle due to the 
overall increased boot stiffness.  Furthermore, when walking on the gravel surface, to 
achieve the same heel contact velocity, an overall stiff boot required earlier vastus 
lateralis (VL) and ST onset compared to when wearing a boot with a flexible shaft + stiff 
sole.  These earlier thigh muscle onsets further suggest that an overall stiff boot required 
earlier activation of the thigh muscles to decelerate and control the swinging leg leading 
into initial contact (Lockhart and Kim, 2006, Chambers and Cham, 2007).  It is possible 
that the overall stiffness of the boot affects the end of the stance phase of gait, leading to 
a more rapid leg swing that must be controlled prior to initial foot-ground contact.  
Irrespective of the reasons, an overall stiff boot seemed to require increased thigh muscle 
activity to decelerate the lower limb during swing and before ground contact.  
Interestingly, wearing an overall flexible boot (flexible shaft + flexible sole) also led to 
increased peak ST activity and an earlier ST onset when participants walked on the gravel 
surface when wearing a boot with a flexible shaft + stiff sole.  Further research examining 
how boot and sole stiffness influence other phases of the gait cycle and, in turn, 
acceleration of the lower limb prior to the initial contact phase, are needed to provide 
further insight into these results.   
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In contrast to walking on the gravel surface, a boot with a stiff sole, regardless of 
the shaft type, led to a later VL onset when participants walked on the soft surface.  This 
finding provides further evidence for surface specific designs when developing 
underground coal mining work boots.  To control the amount of knee flexion during the 
loading response in the gait cycle, VL has a major peak of activity following initial 
contact (Perry, 1992).  An earlier onset of VL at initial contact could therefore be 
implemented in preparation to control excess knee flexion leading into the loading 
response.  Conversely, a later VL onset at initial contact could indicate that an individual 
anticipates that the appropriate amount of knee flexion will occur during the loading 
response.  The finding of the present study where a stiff boot sole, regardless of shaft 
type, led to a later VL onset indicated that when walking on a soft surface, where there is 
more surface deformation, foot motion might play a larger role in determining how much 
knee flexion occurs during stance and, therefore, needs to be controlled.  However, 
research investigating knee motion during the entire gait cycle is needed to confirm or 
refute this notion.  
Greater heel contact velocities at initial contact are a primary risk factor for 
slipping.  To prevent a slip, the lower limb needs to adequately decelerate in preparation 
for initial contact (Lockhart and Kim, 2006).  In the present study, earlier onsets and 
activity of the thigh muscles occurred during the different boot conditions, most likely as 
compensatory actions to ensure heel contact velocity remained consistent at initial foot-
ground contact.  We speculate that any increases in thigh muscle activity could eventually 
become a slip risk due to earlier muscular fatigue over a typical 8-12-hour underground 
coal mining work shift (Allen et al., 2008).  Therefore, a boot that has variable flexibility 
and stiffness between the shaft and sole of the boot appears be a better design option in 
 Chapter 8 
194 
 
regards to how thigh muscle activity influences slip risk for underground coal miners than 
a boot that is overall stiff or overall flexible. 
8.4.2 Effect of Shank Muscle Activity on Ankle Alignment 
Although there were only minor changes in ankle alignment at initial foot-ground contact 
in response to the different boot conditions, in agreement with our hypotheses, shank 
muscle activity was significantly affected by different combinations of stiffness and 
flexibility between the shaft and the sole of the work boots.  When walking on the gravel 
surface, to achieve a similar ankle alignment, an overall stiff boot (stiff shaft + stiff sole) 
required earlier peroneus longus (PL) onset and later onset of gastrocnemius medialis 
(GM), compared to when wearing a boot with a flexible shaft + stiff sole.  These changes 
in shank muscle onsets suggested that an overall stiff boot might restrict ankle motion 
compared to a boot with a flexible shaft + stiff sole, requiring different muscle activity to 
align the ankle correctly in preparation for foot-ground contact.  We speculate that earlier 
PL onset when wearing the overall stiff boot was required to stabilise the ankle against 
foot inversion and ensure slight eversion at initial contact (Perry, 1992).  Earlier PL onset 
was also evident when the participants walked on the soft surface in the overall stiff boot 
compared to the boot with the stiff shaft + flexible sole.  This finding again supports the 
notion that an overall stiff boot restricted ankle motion and required earlier PL activity to 
properly position the foot leading into initial contact.  When comparing the overall stiff 
boot to the boot with the stiff shaft + flexible sole, although there were no differences in 
shank muscle activity, there was a reduction in eversion in the overall stiff boot.  
However, when the boot sole was flexible, a stiff boot shaft compared to a flexible boot 
shaft led to increased eversion and earlier onset of TA when the participants walked on 
the gravel surface.  This finding suggests that it is the combination of a stiff boot shaft + 
a stiff boot sole that restricted motion at the ankle, rather than just a stiff shaft in isolation. 
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The fine tuning of forward leg rotation by the GM is critical to determine the 
amount of knee flexion leading into the loading response and stance phase of the gait 
cycle (Whittle, 2007).  A later GM onset, which occurred when the participants wore the 
overall stiff boot compared to the boot with a flexible shaft + stiff sole, helps rotate the 
leg and increase knee flexion leading into early stance (Whittle, 2007).  In the current 
study, this later GM onset was possibly required to overcome restricted leg motion 
associated with wearing a stiffer boot (Whittle, 2007).  Increased GM activity, however, 
can arrest this forward leg rotation from initial contact onwards and result in reduced knee 
flexion (Whittle, 2007).  Hence, the increased peak GM activity displayed by the 
participants when they walked on the soft surface in the overall flexible boot (flexible 
shaft + flexible sole) compared to the boot with the stiff shaft + flexible sole could be 
detrimental for shock absorption later in the gait cycle due to the lack of knee flexion.  
Further research examining lower limb motion throughout the stance phase of gait is 
therefore recommended to confirm or refute this notion. 
Immediately after initial foot-ground contact, if there is a poor shoe-surface 
interaction, a slip will eventuate (Lockhart and Kim, 2006).  As ankle alignment at initial 
contact influences the shoe-surface interaction, activation of the shank muscles is 
important in preventing a slip at initial contact by controlling movement of the foot at the 
ankle joint.  If the shank muscles are required to be consistently activated earlier or at a 
higher intensity they can become fatigued (Allen et al., 2008).  Any factor that contributes 
to earlier onset of fatigue could increase the risk of an underground coal miner slipping 
because they might not be able to maintain an appropriate foot position in a boot that is 
overall stiff.  However, further research is needed to examine the effects of changes to 
boot design to lower limb muscle activity over a longer time period to confirm or refute 
this concept. 




This study involved measuring an acute effect of the test boot conditions.  With 
underground coal miners working shifts ranging from 8-12 hours (see Chapter 2) it is 
unknown whether these same results would apply after such a long period of time.  As 
this was an exploratory study we believed acute effects were acceptable to identify 
directions for future research, which should now involve investigating chronic effects of 
variations in boot design on slip risk in underground coal mining.   
8.5 Conclusions 
To prevent a slip, the lower limb needs to be adequately decelerated in preparation for 
initial foot-ground contact.  In the present study, the participants displayed earlier onsets 
and additional thigh and shank muscle activity when they walked in boots that were 
overall stiff or overall flexible relative to the other boot conditions.  These changes in 
muscle activity were thought to be compensatory actions in response to the overall boot 
stiffness/flexibility, most likely to achieve constant heel contact velocity and the correct 
ankle alignment in preparation for initial contact.  However, these earlier onsets and 
increased thigh and shank muscle activity could become a slip risk due to increased 
potential for fatigue of the key slip prevention muscles over a typical 8-12-hour 
underground coal mining work shift.  Therefore, a boot that has variable flexibility and 
stiffness between the shaft and sole of the boot is thought to be a better design option for 
underground coal miners in regards to slip risk than a boot that is overall stiff or overall 
flexible.  





Effect of work boot shaft stiffness and sole flexibility on toe 
clearance and shank muscle activity when walking on 
simulated coal mining surfaces: Implications for reducing trip 
risk 
 
This chapter is an amended version of the manuscript:  Dobson, J.A., Riddiford-Harland, 
D.L., Bell, A.F., Wegener, C. & Steele, J.R. 2019.  Effect of work boot shaft stiffness and 
sole flexibility on toe clearance and shank muscle activity when walking on simulated 
coal mining surfaces: Implications for reducing trip risk. Gait & Posture (submitted for 
publication December 2018). 
Abstract 
Variations to shaft stiffness and sole flexibility of mining work boots are likely to 
influence how an underground coal miner moves their foot to clear the ground while 
walking, and therefore influence their risk of sustaining a trip.  Despite the potential 
negative consequences associated with tripping, limited research has investigated these 
boot design features and how they might contribute to a miner’s risk of tripping.  
Therefore, this study aimed to investigate the effects of systematic variations to boot shaft 
stiffness and sole flexibility on toe clearance, lower limb alignment, and shank muscle 
activity at toe off when 20 males walked across two simulated coal mining surfaces under 
four mining boot conditions.  When walking in work boots in which the shaft and sole 
were overall stiff (stiff shaft + stiff sole) or overall flexible (flexible shaft + flexible sole), 
the participants displayed altered toe clearance, ankle alignment and shank muscle 
activity compared to a boot that had different stiffness and flexibility between the shaft 
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and sole.  Changes in ankle alignment and shank muscle activity were thought to be 
compensatory actions in response to the boot stiffness/flexibility to ensure a trip was not 
going to occur on the simulated underground coal mining surfaces.  In summary, to reduce 
the risk of tripping, underground coal miners should avoid a boot with a stiff shaft, 
regardless of whether it is combined with a stiff or flexible sole. 
9.1 Introduction 
To protect the feet of individuals who work in hazardous environments from falling 
objects, undesirable external stimuli, and puncture wounds, workers are usually required 
to wear safety work boots.  These safety work boots are mandated to have steel caps, high 
boot shafts and thick boot soles.  Although these safety features protect the workers’ feet, 
they can also restrict movement of the shank and foot while individuals perform 
occupational walking tasks (see Chapter 6).  When the shank and foot are unable to move 
naturally during walking there is a reliance on secondary structures, such as the muscles, 
for support (Smith et al., 1999).  Over long periods of time, increased reliance on the 
lower limb musculature for support during occupational walking can be problematic 
because this reliance increases the risk of overuse injuries (Dobson et al., 2015, Armour, 
2003). 
One occupation in which safety work boots are compulsory is underground coal 
mining.  Underground coal miners also experience a high incidence of work-related lower 
limb injuries, with high prevalence rates of sprains and strains caused by tripping 
(Armour, 2003, WorkCover NSW, 2010; see Chapter 2).  A trip typically occurs during 
walking when the toe or heel of the footwear worn on the swinging leg contacts an object 
(Austin et al., 1999).  A trip is therefore likely to occur at the point during the gait cycle 
when an individual lifts his or her toe off the ground at the end of the stance phase to 
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commence swinging the lower limb forward in preparation for the next step.  If the toe is 
not lifted high enough, it is likely to catch any obstacle that protrudes from the ground, 
such as a rock (Austin et al., 1999) or loose coal.  The amount of toe clearance (i.e. the 
distance between the footwear and ground) when the foot is leaving the ground is 
therefore a key gait variable used to predict trip risk (Perry, 1992, Winter, 2009). 
There are two main strategies by which an individual ensures they have adequate 
toe clearance.  The first is by flexing at the knee and the hip to help lift the foot up above 
the ground.  At toe off during the gait cycle, an individual should begin to flex his or her 
knee to approximately half of the angle it will achieve during the swing phase and 
simultaneously begin to flex the hip to counteract maximum hip extension to ensure the 
foot adequately clears the ground (Whittle, 2007).  The second strategy to achieve 
adequate toe clearance is by altering the position of the foot at the ankle.  A dorsiflexion 
moment, initiated by the tibialis anterior muscle, should be evident at toe off to eventually 
overcome the plantar flexion, created by the peroneus longus and gastrocnemius muscles, 
to push the foot off the ground (Whittle, 2007).  This dorsiflexion moment allows the foot 
to clear the ground by bringing the ankle up into a neutral or dorsiflexed position for the 
swing phase of gait (Whittle, 2007).  If, however, an individual does not properly recruit 
their shank muscles to achieve this dorsiflexion at the ankle, the foot will not clear the 
ground and a trip will occur (Whittle, 2007).  Researchers have also suggested that faster 
response times and the rate of muscle tension development are more important to avoid 
trip-induced falls, rather than maximal muscle strength (Van den Bogert et al., 2002, 
Pijnappels et al., 2005).  Indeed, if a trip occurs at or near the point of minimum toe 
clearance, stability cannot be regained without a rapid and safe placement of the foot of 
the swinging leg (Winter, 2009). 
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Healthy individuals are typically able to make the necessary lower limb-mediated 
adjustments (Chambers and Cham, 2007, Tang et al., 1998) to correct their balance in 
response to a trip when they are walking on a level even surface (Austin et al., 1999).  
Underground mines, however, have challenging surfaces that are often wet, uneven and 
unstable (see Chapter 2), due to gravel, protruding rocks, pieces of coal and coal dust 
covering the surface (personal communication with industry, October 2016).  Successful 
navigation across these uneven surfaces requires constant lower limb adjustments to 
ensure the feet consistently clear the supporting surface and to keep the line of gravity 
within the base of support to prevent a trip from happening (Tang et al., 1998, Gates et 
al., 2012).   
Lower limb-mediated trip adjustments, particularly in response to uneven 
surfaces, are likely to be affected by the design of footwear worn by an individual 
(Dobson et al., 2015, Park et al., 2015).  Changes in boot mass have been shown to alter 
the amount of knee and hip motion required to raise the foot above the ground (see 
Chapter 6).  However, when walking on uneven surfaces, it is vital that the foot and ankle 
have enough mobility to successfully clear the ground rather than relying on knee and hip 
motion (Armour, 2003, Böhm and Hösl, 2010, Smith et al., 1999).  Ankle motion is 
influenced by the shaft of a boot because the boot shaft provides external support for the 
shank (Noé et al., 2009).  Ankle mobility during walking can also be affected by the sole 
of a boot because the boot sole will influence how the foot interacts with the walking 
surface (Nurse et al., 2005).  Therefore, boot shaft stiffness and sole flexibility are specific 
boot design features that are likely to influence a coal miner’s risk of tripping.  Changing 
footwear shaft and/or sole stiffness can also potentially trigger a reorganisation of the 
activity of the muscles that are responsible for controlling the ankle joint (Noé et al., 
2009).  Mining work boots of varying shaft stiffness and sole flexibility may therefore 
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influence how an underground coal miner's foot interacts with an uneven surface, thereby 
dictating the amount of shank muscle activity generated to support a joint, such as the 
ankle, in an attempt to reduce the risk of a trip. 
Previous research has shown that systematic variations to boot shaft stiffness and 
sole flexibility can significantly influence shank muscle activity and ankle alignment 
when participants walked across uneven surfaces (see Chapter 8).  This research, 
however, was restricted to an analysis of how changes in boot design features affected 
the participants’ gait at initial contact between the foot and the ground at the beginning 
of the stance phase of gait, with implications for slip prevention.  It therefore remains 
unknown whether changes in boot shaft stiffness or sole flexibility affect other phases of 
the gait cycle, particularly at toe off, with implications for reducing the potential for trips. 
This study aimed to investigate the effects of systematic variations to shaft 
stiffness and sole flexibility in safety work boots on toe clearance, lower limb alignment 
and shank muscle activity at toe off when individuals walked across simulated 
underground coal mining surfaces.  It was hypothesised that differences in boot shaft 
stiffness and sole flexibility would interact to influence shank muscle activity and lower 
limb motion at toe off.  Specifically, compared to work boots in which the shaft and sole 
were too stiff or too flexible, a boot that had variable flexibility and stiffness between the 
shaft and sole would:  
(i) reduce the risk of a trip occurring by influencing the toe clearance height and 
ankle alignment by altering the shank muscle activity relative to toe off, and  
(ii) influence knee and hip alignment at toe off to compensate for differences in the 
position of the foot in an effort to reduce the risk of a trip.  





Volunteers for this study were 20 males who habitually wore steel-capped safety boots 
(11 underground coal miners; 9 trade workers who wore safety boots; mean age 36 ± 13.8 
years; height 174.8 ± 6.3 cm and body mass 76.9 ± 9.2 kg).  The exclusion criteria 
included lower limb injuries or foot pain/discomfort that impaired a participant’s ability 
to perform the experimental procedures, or habitually wearing of corrective shoe inserts 
(such as orthoses).  Recruitment involved advertising the study on social media and on 
work noticeboards, work newsletters and during mine training sessions conducted by 
South32 (Australia).  The participant age, body stature measurements, working roles, 
working surfaces and time spent walking during a typical 8-10-hour shift were consistent 
with those previously reported for underground coal mine workers (see Chapter 2).  A 
priori analysis confirmed a cohort of 20 participants was sufficient to demonstrate a 
significant difference between the boot conditions with a power of 95% (at an alpha level 
of 0.05; Dobson et al., 2015). 
9.2.2 Experimental Procedures 
Each participant provided written informed consent and completed a demographics 
survey to confirm they satisfied the participant inclusion criteria.  Anthropometric 
measurements of height (cm) and body mass (kg) were recorded and all participants were 
provided with a new pair of socks (Miners Corp.  Essentials Pty Ltd, Australia).  An 
electronic goniometer (Biometrics Ltd, UK) and pressure insoles (Pedar-X novelgmbh, 
Germany; see Section 7.2.3.3) were inserted inside the test boots and electromyography 
(EMG) sensors (Delsys Inc., USA) and motion capture sensors (Optotrak Certus® 
Northern Digital Inc., Canada) were adhered to specific locations on each participant’s 
dominant lower limb and pelvis (see Sections 9.2.4 and 9.2.5).  Before data collection 
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began, participants completed a functional circuit to recreate some of the common 
working tasks performed by underground coal miners and to familiarise themselves with 
each new boot condition.  The functional circuit was set out in the Biomechanics Research 
Laboratory at the University of Wollongong and full details of the circuit are provided 
elsewhere (see Section 7.2.2).  After completing the functional circuit, participants 
performed five walking trials on an uneven and a soft surface where lower limb kinematic 
(see Section 9.2.4) and shank muscle activity (see Section 9.2.5) data were collected.  Full 
details of the walking circuit are described elsewhere (see Section 7.2.2).  In summary, 
the walking surfaces were designed to replicate the environmental surface conditions 
underground coal mine workers typically walk on during their daily work tasks (personal 
communication with industry, October 2016; see Figure 32).   
To ensure order effects did not influence the results, boot condition order and 
surface condition order were randomised.  To minimise fatigue, each participant was 
allowed to rest between completing the functional circuit and each walking trial.  Walking 
speed was also not controlled as we wanted the participants to walk as naturally as 
possible in the boots.  The University of Wollongong Human Research Ethics Committee 
(HE14/396) approved all study procedures. 
9.2.3 Boot Conditions 
The four boot conditions included a boot with: (i) a stiff shaft + stiff sole (overall stiff 
boot), (ii) a flexible shaft + flexible sole (overall flexible boot), (iii) a stiff shaft + flexible 
sole and (iv) a flexible shaft + stiff sole (see Figure 33).  Variations in shaft stiffness and 
sole flexibility were selected as the variables to manipulate in each boot condition because 
the shaft and the sole are two boot design features that appear to interact with one another 
to affect shank muscle activity and lower limb motion when individuals walk (see Chapter 
6).  The stiff shaft + stiff sole boot condition was created to resemble what is currently 
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available to underground coal miners in regards to a lace-up boot.  Differences in shaft 
stiffness were created by using varying materials to construct the boot shafts.  Differences 
in sole flexibility were created by the Chief Investigator (JD) cutting slits, with a razor 
blade, across the sole of the boot at the approximate location where the 
metatarsophalangeal joints flex during walking (see Figure 33).  The stiffness of each 
boot shaft and the flexibility of each boot sole were tested after Participant 5, 10, 15 and 
20 completed their trials to ensure the boots maintained the same amount of shaft stiffness 
and sole flexibility across all participants.  The full details of the test boot conditions and 
the shaft stiffness and sole flexibility testing procedures are provided elsewhere (see 
Section 7.2.3).  The boots were “colour coded” (red, blue, green and yellow) to blind the 
participants and the researchers during testing and analysis to the boot conditions.   
An Optotrak Data Acquisition Unit II (ODAUII; 270 mm x 175 mm x 65 mm; 2 
kg) was used to record the shank muscle activity data (see Section 9.2.5) in sync with the 
lower limb motion data (see Section 9.2.4).  A trigger switch activated the DataLOG 
system (Biometrics Ltd, UK) and pressure insoles (Pedar-X novelgmbh, Germany; see 
Section 7.2.3.3). 
9.2.4 Lower Limb Alignment 
9.2.4.1 Knee and hip alignment and boot position 
Each participant’s knee and hip motion, as well as the motion of the boot, were recorded 
using an Optotrak Certus® motion analysis system (Northern Digital Inc., Ontario, 
Canada) while the participants walked in each boot condition.  Before each data collection 
session, a new global coordinate system alignment was performed and the Position Sensor 
coordinate systems were defined (positive y as upward, positive x as the direction of travel 
and positive z as pointing to the right direction (Wu and Cavanagh, 1995)).  Twenty-one 
smart markers (11 mm diameter) were attached directly to the skin (Double-sided toupee 
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tape, Creative Hair Products, Australia) and on the test boots over specific anatomical 
landmarks (see Table 15) to track each participant’s knee and hip joints and boot motion.  
The smart markers were connected to a wireless strober unit (85 mm x 55 mm x 20 mm; 
100 g) using flat smart marker interconnect cables (40 mm – 900 mm long) and smart 
marker hubs (see Figure 42).  The coordinates were detected using three Certus® Position 
Sensors (161 mm x 200 mm x 1126 mm; 18 kg), which were factory calibrated with an 
accuracy of 0.1 mm and resolution of 0.01 mm.  The motion capture data were sampled 
at 100 Hz across one whole gait cycle using NDI First Principles software (Version 1.2.4, 
Northern Digital Inc., Canada) and stored for later analysis.   
 
 
Table 15: Anatomical locations of the 21 Optotrak® smart markers (Northern 
Digital Inc., Canada). 
  
Foot Shank Thigh Pelvis 




Anterior shank (smart 
marker hub used to 
house 3 markers) 
25% anterior thigh 
(smart marker hub 
used to house 3 
markers) 
Left and right 
anterior superior 
iliac spines 
Navicular Lateral and medial 
malleoli 
Lateral and medial 
femoral condyle 
Left and right 
posterior superior 
iliac spines Posterior calcaneus Tibial tuberosity Greater trochanter 
 
The positional data were uploaded into Visual 3D (Professional, Version 5.02.27, 
ATI Technologies Inc., Canada) where it was filtered using a Butterworth low pass (fc = 
6 Hz) digital filter (Andres et al., 2005, Böhm and Hösl, 2010, Simpson et al., 1993).  
From the smoothed co-ordinate data, a rigid body model was constructed to define the 
shank, thigh and pelvis segments and movement of the boot shaft at the ankle.  Toe 
clearance height (cm) was calculated as the minimum vertical height of the distal end of 
the boot segment relative to the surface at toe off.  The boot segment was created using 
markers placed over the approximate locations of the first, second and fifth metatarsal 
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heads, navicular and posterior calcaneus and the surface was defined using a Virtual 
Laboratory in Visual 3D (C-Motion, Maryland, United States).  Knee flexion and hip 
extension angles at the time of toe off were quantified because motion of the knee and 
hip in the sagittal plane will affect toe clearance height (Whittle, 2007).  Boot (plantar 
flexion and inversion) angles at the time of toe off were also quantified to determine 
whether the variations in shaft stiffness or sole flexibility affected motion of the boot.  
Toe off was defined using a velocity-based algorithm described by C-Motion (Maryland, 
United States) and based on recommendations by Zeni et al. (Winter et al., 1990).  
9.2.4.2 In-boot ankle alignment 
Each participant’s ankle motion inside the boot was also captured (100 Hz) using a twin-
axis electronic goniometer (29 g; accuracy ± 2º measured over a range of ± 90º; 
Biometrics Ltd, UK).  The goniometer was mounted using double-sided adhesive tape 
(Creative Hair Products, Australia) and positioned across the ankle joint of each 
participant’s dominant limb following the instructions of the manufacturer (see Figure 2).  
The goniometer was attached to a DataLOG (Type No. MWX8 Bluetooth®; 104 x 62 x 
22 mm; 129 g) and data were sent to the DataLOG software application in real time via 
Bluetooth®.  A custom MATLAB script was then used to derive the ankle plantar flexion 
and inversion angles displayed by the participants at toe off.  The data were filtered using 
a zero-phase shift 2nd order Butterworth filter with a cut-off at 12 Hz (MATLAB function 
filtfilt), as recommended by the software manufacturers (MathWorks®, Natick, United 
States; Biometrics Ltd, UK). 
9.2.5 Shank Muscle Activity 
A wireless EMG system (TrignoTM, Delsys Inc., USA) was used to record (1000 Hz; 
bandwidth 20-450 Hz) the shank muscle activity generated during the walking trials.  The 
EMG sensors (Delsys Adhesive Sensor Interface; Delsys Inc., USA) were attached over 
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the muscle bellies of the shank muscles (tibialis anterior (TA), peroneus longus (PL) and 
gastrocnemius medialis (GM)) on each participant’s dominant lower limb (Rasmussen, 
1985).  As the shank muscle bellies were located under the shaft of the boot, mini EMG 
sensors (25 mm x 12 mm x 7 mm, 2.1 g) were used to monitor the activity of these muscles 
(see Figure 42).  Prior to electrode placement, the skin over each designated muscle belly 
was shaved, abraded with prep tape and cleaned with an alcohol swab to ensure optimal 
readings (Cram et al., 1998).  Electrode placement sites were identified following the 
guidelines endorsed by the International Society of Electrophysiology and Kinesiology 
(Merletti, 1999) and recommendations by SENIAM (1999).  These muscles were selected 
for analysis due to their superficial location and their role in controlling motion of the 
foot at the ankle joint during toe off (Perry, 1992).   
A custom MATLAB (R2017b 9.30 713579) script was used to analyse the EMG 
data.  After visually inspecting the data (to exclude those trials contaminated grossly by 
movement artefact), the raw EMG signals were filtered using a fourth-order zero-phase-
shift Butterworth low pass filter (fc = 15 Hz).  A threshold detector of 12% was then used 
to determine the timing (ms) of the onset of each muscle burst, which was activated 
immediately before toe off, relative to when toe off occurred (whereby a negative value 
indicated that the muscle was activated prior to toe off).  The in-shoe pressure data were 
used to confirm when toe off occurred (see Section 7.2.3.3).  The MATLAB script 
automatically derived the peak value (mV) and duration (ms) for each muscle burst, once 
the muscle burst onset and offset had been confirmed.  The mean values derived for each 
participant’s five trials, when walking on each of the two surfaces and in each of the four 
boot conditions were analysed.  The area under the curve (mV/s) was used as a measure 
of muscle intensity (Finsterer, 2001, Hamill and Bensel, 1996) because when stability 
during walking is challenged muscle activity, expressed in millivolts (mV), increases 
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(Blackburn et al., 2003, Greensword et al., 2012, Mika et al., 2012, Nigg et al., 2006, 
Romkes et al., 2006).   
 
    
Figure 42: Participant showing: (A) EMG sensor placement for the shank.  Muscles: 
tibialis anterior (TA; 1), peroneus longus (PL; 2) and gastrocnemius 
medialis (GM; 3).  Electronic goniometer placement (internal ankle 
movement; 4; Biometrics Ltd, UK).  (B) Optotrak (Northern Digital Inc., 
Canada) smart marker positions, the strober unit (5), smart marker hubs 
and (6) flat smart marker interconnect cables (7). 
 
9.2.6 Statistical Analysis 
Across the five walking trials, means and standard deviations of toe clearance height, 
lower limb alignment data and shank muscle activity relative to toe off were calculated 
for each boot condition.  A three-way repeated measures ANOVA design, with three 
within factors of boot shaft type (flexible and stiff), sole type (flexible and stiff) and 
surface condition (gravel and soft), was then used to determine whether there were any 
significant main effects or interactions of either shaft type, sole type or surface condition 
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Wilks' Lambda multivariate test was used to determine any significant main effects and 
interactions and paired t-tests further investigated any significant main boot effects and 
interactions.  This design determined whether any of the data were significantly different 
between the boot shaft and sole types and whether any of these differences were 
influenced by what surface the participants walked on.  An alpha level of p ≤ 0.05 was 
used for all statistical comparisons and all tests were conducted using SPSS statistical 
software (Version 21, SPSS, USA).  
9.3 Results 
9.3.1 Effects of Boot and Surface Type on Toe Clearance and Lower Limb 
Motion 
 
9.3.1.1 Toe clearance 
There was a significant main effect of boot shaft type (p = 0.007), main effect of surface 
condition (p < 0.001), a boot shaft type x boot sole type interaction (p = 0.049) and a boot 
sole type x surface condition interaction (p = 0.004) on the toe clearance height displayed 
by the participants at toe off.  Upon further investigation, regardless of which surface the 
participants walked on, there was a significant boot shaft effect.  That is, when the 
participants wore a boot with a stiff sole, a flexible shaft led to a reduced toe clearance at 
toe off (p = 0.026) compared to a boot with a stiff shaft (see Figure 43).   
9.3.1.2 Knee and hip alignment 
There was no significant main effect of boot shaft type, sole type, or surface condition on 
the angle of knee flexion or hip extension that the participants displayed at toe off (see 
Figure 44).  
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Figure 43: Mean (± standard deviation) toe clearance values displayed by the 
participants (n = 20) at toe off.  The values were averaged across both 
surfaces because there was no significant boot shaft type x boot sole type 
x surface condition interaction.  *indicates a significant difference 




Figure 44: Mean (± standard deviation) hip extension and knee flexion values 
displayed by the participants (n = 20) at toe off when walking on the gravel 
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9.3.1.3 Ankle alignment 
Boot shaft alignment 
At toe off, there was a significant main effect of boot shaft type (p = 0.007), a main effect 
of surface condition (p < 0.001), a boot shaft type x boot sole type interaction (p = 0.049) 
and a boot sole type x surface condition interaction (p = 0.004) on the boot shaft alignment 
at the ankle joint.  At toe off, the participants displayed increased plantar flexion of the 
boot (p = 0.041) when they were wearing a boot with a flexible shaft compared to a stiff 
shaft, when the boot sole was flexible (see Figure 45).  Furthermore, when wearing a boot 
with a stiff shaft, participants displayed significantly increased ankle plantar flexion of 
the boot when the boot had a flexible boot sole (p = 0.012) compared to boot with a stiff 
sole (see Figure 45).  
 
 
Figure 45: Mean (± standard deviation) ankle plantar flexion and inversion values, 
measured on the outside of the boot and within the boot at toe off (n = 20).  
The data were averaged across both surfaces because there was no 
significant boot shaft type x boot sole type x surface condition interaction. 
*indicates a significant difference between a stiff and flexible boot shaft 
when the boot sole was stiff. **indicates a significant difference between 
a stiff and flexible boot shaft when the boot sole was flexible. *** indicates 
a significant difference between a stiff and flexible boot sole when the 
boot shaft was stiff. **** indicates a significant difference between a stiff 
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In-boot ankle alignment 
There was a significant boot shaft type x boot sole type interaction (p = 0.013) on the 
ankle inversion angle recorded within each participant’s boots at the time of toe off.  
Further analysis revealed, regardless of surface, when the boot had a flexible sole there 
was a greater inversion angle at toe off when the participants wore a boot with a stiff shaft 
compared to a boot with flexible shaft (p = 0.009; see Figure 45).  Furthermore, when the 
boot had a flexible shaft, there was a greater inversion angle at toe off when the 
participants wore a boot with a stiff sole compared to a boot with flexible sole (p = 0.001; 
see Figure 45).  
9.3.2 Effects of Boot and Surface Type on Shank Muscle Activity 
9.3.2.1 Muscle burst onset 
There was a significant main effect of boot sole type (p = 0.004) and surface condition (p 
= 0.003), an interaction of sole type x surface condition (p = 0.041) and an interaction of 
shaft type x sole type x surface condition (p = 0.006) on the shank muscle burst onsets 
(ms) relative to toe off.  When the participants walked on the gravel surface there were 
no significant interactions but there was a significant main effect of boot shaft type (p = 
0.040) and boot sole type (p = 0.002) on the muscle burst onset relative to toe off.  When 
the participants walked on the soft surface, there was a significant main effect of boot 
shaft type (p = 0.004), a significant main effect of boot sole type (p = 0.041) and a 
significant boot shaft type x boot sole type interaction (p = 0.001) on the muscle burst 
onset relative to toe off.  Details of these significant main effects and interactions are 
expanded below. 
Regardless of the boot sole type, the participants activated PL significantly earlier 
(p < 0.001) when wearing a boot with a stiff shaft compared to a flexible shaft, when 
walking on the gravel surface (see Figure 46).  Also, on the gravel surface, regardless of 
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the boot shaft type, participants activated TA significantly earlier (p = 0.002) and PL later 
(p = 0.001) when wearing a boot with a stiff sole compared to a boot with a flexible sole 
(see Figure 46).  When walking on the soft surface, when the boot had a flexible sole, a 
stiff shaft resulted in an earlier onset of PL (p = 0.006) and GM (p < 0.001) at toe off 
compared to a boot with a flexible shaft (see Figure 46).  In regards to the boot sole, when 
the shaft was stiff, participants activated GM earlier (p < 0.001) when wearing a boot with 
a flexible sole compared to a boot with a stiff sole.  However, when the boot had a flexible 
shaft, a flexible sole led to a later onset of GM (p = 0.026) compared to a stiff sole, when 
the participants walked on the soft surface. 
9.3.2.2 Peak muscle activity 
There were significant main effects of boot shaft type (p < 0.001), boot sole type (p = 
0.002) and surface condition (p < 0.001) on the peak shank muscle activity displayed by 
the participants in preparation for toe off.  There was also an interaction of boot shaft type 
x boot sole type (p < 0.001), an interaction of boot shaft type x surface condition (p < 
0.001) and an interaction of boot shaft type x boot sole type x surface condition (p = 
0.005) on the peak shank muscle activity at toe off.  When the participants walked on the 
gravel surface there was a significant main effect of shaft type (p = 0.001), main effect of 
sole type (p = 0.012) and an interaction of shaft type x sole type (p = 0.003) on the peak 
shank muscle activity at toe off.  However, when the participants walked on the soft 
surface, there was a significant main effect of shaft type (p < 0.001), a main effect of sole 
type (p = 0.002) and an interaction of shaft type x sole type (p < 0.001) on the peak shank 
muscle activity the participants used at toe off.  Upon further investigation, there were no 
further significant effects of boot type on the shank muscles when participants walked on 
the gravel surface.  In contrast, when participants walked on the soft surface in a boot 
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with a flexible sole, a stiff shaft resulted in increased peak values of TA in preparation for 
toe off (p = 0.014) when compared to a boot with flexible shaft (see Figure 46). 
9.3.2.3 Muscle burst duration 
Analysis of the duration (ms) of the shank muscle bursts in preparation for toe off revealed 
a significant main effect of the boot shaft type (p < 0.001) and surface condition (p = 
0.006).  There was also a significant interaction of boot shaft type x boot sole type (p < 
0.001), an interaction of boot sole type x surface condition (p = 0.005) and an interaction 
of boot shaft type x boot sole type x surface condition (p = 0.032) on the duration (ms) of 
the shank muscles relative to toe off.  When participants walked on the gravel surface, 
there was a significant main effect of boot shaft type (p < 0.001) and an interaction of 
boot shaft type x boot sole type (p < 0.001) on the duration (ms) of the shank muscles 
relative to toe off.  When walking on the soft surface, there was a significant main effect 
of sole type (p = 0.023) but no significant interactions.  Details of these significant main 
effects and interactions are expanded below. 
When the participants walked on the gravel surface while wearing a boot with a 
flexible sole, a stiff boot shaft led to an increased duration of the GM (p < 0.001), TA (p 
= 0.026) and PL (p = 0.013) muscle bursts at toe off when compared to wearing a boot 
with a flexible shaft (see Figure 46).  However, when the boot shaft was stiff, a flexible 
sole resulted in an increased duration of GM at toe off (p < 0.001) when compared to 
wearing a boot with a stiff sole on the gravel surface.  No further significant main effects 
or interactions were found when the participants walked on the soft surface (see Figure 
46).  The significant findings for the study are summarised in Table 16. 
 
  




        
 
       
 
         
           
 
Figure 46: The muscle activity variables that had a significant interaction of boot 
shaft x sole at the shank when the participants walked on the gravel (G) 
and soft (S) surface. TA = tibialis anterior, PL = peroneus longus and GM 
= gastrocnemius medialis. *indicates a significant difference between boot 
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Table 16: Summary of the significant interactions for the shank muscle activity and 
lower limb alignment data when the participants walked on the gravel and 
soft surface conditions. (A) Stiff boot shaft compared to a flexible boot 
shaft when the boot sole was stiff and when the boot sole was flexible on 
the gravel and soft surface conditions. (B) Stiff boot sole compared to a 
flexible boot sole when the boot shaft was stiff and when the boot shaft 








Stiff Earlier onset PL 
↓ external ankle 
plantarflexion 
↑ toe clearance 
↓ external ankle 
plantarflexion 
↑ toe clearance 
    
Flexible 
Earlier onset PL 
↑ TA, GM and PL duration 
↓ external ankle 
plantarflexion 
↑ internal ankle inversion 
Earlier onset PL and GM 
↑ TA peak 
↓ external ankle 
plantarflexion 
↑ internal ankle inversion 
 
   




Stiff Earlier onset TA, PL 
↓ GM duration 
↓ external ankle 
plantarflexion 




Earlier onset TA, PL 
↑ internal ankle plantarflexion 





Systematic alterations of boot shaft stiffness and sole flexibility allowed us to investigate 
the effect of these boot design features on toe clearance height, lower limb alignment and 
shank muscle activity at toe off while walking across simulated coal mining surfaces.  
How boot design affects gait at toe off is important because this is the phase of the gait 
cycle where a trip is likely to occur.  In agreement with our hypothesis the boot shaft type 
and boot sole type significantly interacted to influence the toe clearance height, ankle 
alignment and shank muscle activity while the participants walked across the different 
surfaces.  In contrast to our hypothesis, however, the participants maintained the same 
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knee and hip alignment, irrespective of boot conditions, despite the shank muscle activity 
and ankle motion changing.  The implications of these findings, for reducing the risk of 
tripping are discussed below. 
9.4.1 Boot and Ankle Alignment and Toe Clearance at Toe off 
Data pertaining to the alignment of the boot shaft confirmed that, as anticipated, a stiff 
boot shaft restricted movement at the ankle regardless of the sole type.  That is, when 
walking on both surfaces, participants displayed a significant reduction in the angle of 
plantar flexion at toe off when wearing a boot with a stiff shaft compared to a boot with 
a flexible shaft, irrespective of whether the sole was stiff or flexible.  In contrast, there 
were no significant effects of boot shaft or boot sole type on the inversion angle of the 
boot shaft relative to the ankle.  In the present study, the alterations made to boot shaft 
stiffness and boot sole flexibility were expected to influence movement about the ankle 
in the sagittal plane, especially at toe off where movement in the frontal and transverse 
planes is minimal compared to movement in the sagittal plane.  Interestingly, alignment 
of the ankle inside the boot in the sagittal plane did not significantly differ between the 
boot conditions.  This result suggests that although the stiff boot shaft restricted mobility 
of the boot compared to a flexible boot shaft, the ankle itself did not change its position 
of plantar flexion between the boot conditions.  We speculate this result is likely to be 
due to the ankle being unable to move to compensate for the restriction caused by a boot 
with a stiff shaft and was already in the appropriate position of plantarflexion in the boots 
with a flexible shaft.  This theory is supported by the toe clearance data where a change 
in toe clearance was used to potentially compensate for this reduction in plantar flexion 
in a boot with a stiff shaft. 
In contrast to our hypothesis, the participants displayed significantly greater toe 
clearance when wearing a boot with the stiff shaft + stiff sole compared to the boot with 
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the flexible shaft + stiff sole, both when walking on the uneven gravel and the soft 
surfaces.  At the time of minimum toe clearance, the location of the total body centre of 
gravity is at or ahead of the toe of the stance limb (Whittle, 2007).  At that instant, 
considering forward momentum of the body, it is impossible to recover from a trip with 
the stance limb - the only recovery that is possible is with the swing limb (Whittle, 2007).  
This type of movement, however, requires fast response times and additional muscle 
activity (Van den Bogert et al., 2002, Pijnappels et al., 2005, Whittle, 2007).  For this 
reason, populations who are at a higher risk of tripping, such as the elderly, typically 
display excessive toe clearance in an attempt to reduce the risk of a trip occurring 
(Whittle, 2007).  We therefore speculate that participants in the present study increased 
their toe clearance when wearing the overall stiff boot to compensate for the restricted 
movement at the ankle, to minimise the risk of a trip occurring by ensuring adequate 
ground clearance.  How the participants achieved this increased toe clearance is described 
below.  
9.4.2 Effect of Shank Muscle Activity on Ankle Alignment 
When the participants wore work boots in which the shaft and sole were overall stiff (stiff 
shaft + stiff sole) or overall flexible (flexible shaft + flexible sole), they displayed 
significantly different shank muscle activity and ankle alignment compared to when 
wearing a boot that had different stiffness and flexibility between the shaft and sole.  This 
finding was consistent with previous research which revealed that wearing an overall stiff 
boot or an overall flexible boot caused significantly different shank muscle activity 
patterns in preparation for initial contact of the gait cycle compared to when wearing 
boots that had different stiffness and flexibility between the shaft and sole (see Chapter 
8).  Despite these changes in muscle activity associated with the different boot conditions, 
there were no significant differences in the ankle alignment displayed at initial contact 
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(Chapter 8).  During the gait cycle, the ankle goes through a larger range of motion at toe 
off compared to initial contact because the foot is required to begin moving from a 
position of plantar flexion to a neutral position or position of slight dorsiflexion by mid 
swing to ensure sufficient toe clearance (Winter, 2009, Whittle, 2007).  In contrast, at 
initial contact, the ankle maintains a relatively neutral position (Winter, 2009, Whittle, 
2007).  Therefore, any effects of changes to boot shaft stiffness and sole flexibility are 
more critical in terms of how they influence ankle motion at toe off rather than initial 
contact.  Hence, when designing work boots for underground coal miners it is imperative 
that the effects of changes to work boot design on each phase of the gait cycle is examined 
to comprehensively understand the effects of different design features on how miners 
walk. 
When walking on both the gravel and soft surfaces, an overall stiff boot resulted 
in an earlier PL onset compared to a boot with a flexible shaft combined with a stiff sole.  
At toe off, although the ankle is plantar flexed, a dorsiflexion moment must begin to 
ensure the foot clears the ground (Whittle, 2007).  During toe-off the main role of PL is 
to co-contract with TA to control the amount of dorsiflexion that occurs leading into mid 
swing (Winter, 2009).  Because a stiff boot shaft, compared to a flexible boot shaft, 
reduced the plantar flexion angle of the boot shaft at toe off, we speculate this earlier PL 
onset was to ensure there was the same amount of plantar flexion occurring inside the 
boot between the different boot conditions.  If, however, there is already less plantar 
flexion due to a stiff boot shaft at toe off, the early PL onset could be to ensure too much 
dorsiflexion does not occur further into the swing phase of gait, particularly considering 
there was the same amount of TA muscle activity between the overall stiff boot and 
flexible shaft + stiff sole boot (Winter, 2009).  These alterations to PL muscle onset 
combined with a greater toe clearance indicate precautionary measures are being taken in 
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the overall stiff boot compared to the boot with the flexible shaft + stiff sole.  If these 
measures are being taken to prevent a trip, as we suspect, muscular fatigue could become 
problematic over a typical 8-12-hour coal mining shift and eventually become a trip risk 
(Allen et al., 2008; see Chapter 2).  Therefore, a boot that has a flexible shaft combined 
with a stiff sole appears to be a better boot design option than an overall stiff boot in 
regards to how the shank muscle activity and ankle motion influence trip risk for 
underground coal miners. 
The boot that had a stiff shaft + flexible sole was also associated with an earlier 
PL onset at toe off compared to the overall flexible boot.  This change to PL muscle onset, 
however, occurred in conjunction with an increased duration of TA and PL when walking 
on the gravel surface and increased peak TA activity when walking on the soft surface.  
There was also increased internal ankle inversion when participants walked on both 
surfaces wearing the boot that had a stiff shaft + flexible sole compared to walking in the 
overall flexible boot.  During toe off, TA plays a key role in ensuring there is adequate 
foot clearance by dorsiflexing and inverting the foot (Whittle, 2007).  Therefore, the 
changes to TA muscle activity could explain why there was increased ankle inversion in 
the boot that had a stiff shaft + flexible sole compared to the overall flexible boot.  It is 
possible that the additional inversion displayed while wearing the stiff shafted boot was 
compensating for the restricted movement in the sagittal plane, to ensure the foot cleared 
the ground in the frontal plane.  We speculate that when the participants wore the overall 
stiff boot this additional inversion could not occur and so, instead, toe clearance height 
was increased to ensure the foot cleared the ground.  However, when the stiff shaft was 
combined with the flexible sole, the compensatory inversion movement was possible, due 
to the foot being less restricted, so no increase in toe clearance was required.  This, 
however, is purely speculative so further research is recommended to confirm or refute 
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this notion.  Furthermore, when participants walked on the gravel surface while wearing 
the boot with flexible shaft + stiff sole, they displayed increased in-boot ankle inversion 
compared to when wearing the overall flexible boot.  Nevertheless, a boot with a stiff 
shaft + flexible sole required more shank muscle activity than a boot that was overall 
flexible to achieve the same toe clearance height.  Therefore, in regards to trip risk, a boot 
with a stiff shaft may not be a good work boot option, regardless of whether it is paired 
with a flexible sole. 
9.4.3 Knee and Hip Alignment 
In contrast to our hypothesis, knee and hip alignment did not change to compensate for 
differences in alignment of the ankle, irrespective of changes in boot condition.  We 
speculate that the differences in ankle alignment and the shank muscle activity evoked by 
the different boot conditions were enough to prevent a trip from occurring at toe off and, 
therefore, the knee and hip were not required to compensate to help the foot clear the 
ground.  It is most likely that the knee and hip play more of a role to overcome differences 
in boot mass as opposed to differences in boot shaft stiffness and sole flexibility, because 
boot mass was kept constant throughout the conditions in the present study (see Chapter 
6).   
When walking, GM activity decreased rapidly leading into toe off, such that there 
was only a low level of GM activity to maintain adequate knee flexion throughout swing 
(Winter, 2009).  Therefore, alterations to GM muscle activity could explain why knee 
alignment did not differ between the boot conditions.  Interestingly, when participants 
walked in a boot that had a stiff shaft + flexible sole they displayed increased duration of 
GM activity on the gravel surface and an earlier GM onset on the soft surface compared 
to the overall stiff boot condition and the overall flexible condition.  Therefore, the stiff 
shaft + flexible sole boot condition potentially required more GM activity to maintain the 
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same knee alignment as the overall stiff and overall flexible boot conditions.  It is possible 
that these changes in GM activity were to compensate for the stiff boot shaft.  That is, 
compared to the overall flexible boot condition, we speculate that more muscle activity 
was required to flex the knee against a stiff boot shaft.  However, it is possible that the 
thigh muscles had been recruited to ensure adequate knee flexion during the overall stiff 
boot condition such that GM was not required to play as large of a role in flexing the 
knee.  Indeed, in Chapter 8 it was found that when comparing a boot that was overall stiff 
to a boot that combined a stiff shaft and flexible sole, there was an earlier ST onset and 
later GM onset when participants walked on a gravel surface.  As ST is one of the main 
knee flexors it is possible GM had a later onset because it was not required to flex the 
knee at initial contact and was required to play more of a role in plantar flexing the ankle 
during stance.  However, this notion is purely speculative because thigh muscle activity 
was not considered in the present study.  Therefore, further research is recommended to 
investigate the effects of changes in boot design on thigh muscle activity throughout the 
gait cycle to further explain the results of the present study and create further boot designs 
recommendations. 
It is important to note that the variations in the design of the boot shaft and sole 
did not cause differences in shank muscle activity or ankle motion in isolation; the 
significant main effects were in combination.  The surface condition also significantly 
interacted with the boot shaft and sole to influence the shank muscle activity at toe off.  
Therefore, interactions between design features and the surfaces walked upon need to be 
considered when designing future work boots for underground coal miners to reduce the 
risk of tripping. 




A major component of this study was to investigate the effects of boot shaft stiffness and 
sole flexibility so the structural integrity of the test boots was maintained.  No holes were 
cut for marker placement; they were fixed externally on the boot (relating to the 
approximate location of anatomical landmarks).  However, extensive pilot testing was 
conducted to ensure this placement was accurate.  This present study investigated the 
acute effect of the work boot conditions on muscle activity and lower limb alignment 
when participants walked on a simulated underground coal mine environment.  Further 
research is now needed to examine the work boot effects over a longer duration and in a 
real mining environment to confirm the results of this exploratory study. 
9.5 Conclusions 
At toe off, it is vital the knee is able to flex and the shank muscles are able to modify the 
alignment of the foot at the ankle to ensure the foot clears the ground without contacting 
an object in order to prevent a trip.  In the present study, although knee and hip alignment 
remained constant, changes to boot shaft stiffness and boot sole flexibility significantly 
interacted to influence the shank muscle activity and ankle alignment displayed at toe off.  
These changes in shank muscle activity and ankle alignment were thought to be 
compensatory actions in response to changes in boot shaft stiffness and sole flexibility to 
ensure a trip was not going to occur when walking on the simulated underground coal 
mining surfaces.  In summary, it is recommended that a boot with a stiff shaft, regardless 
of whether it is combined with a stiff or flexible sole, should be avoided by underground 
coal miners to reduce their risk of tripping.  Instead, a boot that has a flexible shaft 
combined with a stiff sole is likely to be a better design option to reduce trip risk when 






Summary and Recommendations for Improved Boot Design 
10.1 Summary 
During a typical working shift, underground coal miners spend most of their working 
shift walking.  It is therefore imperative that they have access to footwear that fit their 
feet properly, are comfortable to wear and are suitable to the work tasks to be performed 
in an underground coal mining environment.  Despite the importance of appropriate 
footwear, this thesis presents the only published research to systematically examine 
underground coal mining work boot fit and comfort, as well as the interaction between 
mining work design and the lower limb biomechanics while walking.   
The overall aim of this thesis was to systematically identify design features that 
influenced the fit and comfort of mining work boots in order to develop evidence-based 
guidelines to improve the design of safety footwear for underground coal miners.  The 
thesis aim was achieved by a series of studies, which were presented in three thesis parts 
(see Figure 2).  Part I of the thesis aimed to assess the level of satisfaction of underground 
coal miners with respect to whether their work boots met the requirements of underground 
coal mining and to identify specific work boot design features that warranted further 
investigation.  Part II of the thesis aimed to assess the fit of the miners’ work boots and 
to identify how work boot fit could be improved.  In Part III of the thesis the effect of 
variations in the boot design features of shaft stiffness and sole flexibility on critical 
features of walking were systematically investigated in order to establish evidence-based 




10.2 Thesis Part I: Current Underground Coal Mining Work Boots 
The most recent research to examine underground coal mining work boot satisfaction was 
conducted over a decade ago (Marr, 1999, Smith et al., 1999).  This gap in the literature 
was therefore addressed in Chapter 2 by assessing the satisfaction of underground coal 
miners in relation to how well their current work boots met the work-related requirements 
for underground coal mining.  The results of this chapter revealed that underground coal 
miners were not satisfied with their current mining work boots.  Contributing factors 
included more than half the cohort experiencing foot problems, almost half having lower 
back pain and/or foot pain and a quarter having knee and ankle pain.  Over half of the 
underground coal miners surveyed believed their work boots contributed to their lower 
limb pain and reported their work boots were uncomfortable.  Different working roles 
and environments resulted in differences in the incidence of foot problems, lower limb 
pain and comfort scores, confirming that one boot design cannot meet all the work-related 
requirements of underground coal mining.   
In Chapter 3, the results of Chapter 2 were further investigated to determine 
whether boot type (gumboot versus leather lace-up boot) influenced the work footwear 
habits, foot problems, lower limb and lower back pain, or perceptions of work boot fit 
and comfort in underground coal miners.  As anticipated, the introduction of a more 
structured leather lace-up boot as a work boot option positively influenced the 
underground coal miners’ perceptions of ankle support, fit and comfort provided by their 
work boots.  The frequency of foot problems, lower limb and lower back pain reported 
by these miners, however, was still high, irrespective of the type of boot they habitually 
wore.  Although boot type did not alter the incidence of foot pain, underground coal 
miners reported different locations of foot pain depending on boot type, indicating that 




10.3 Thesis Part II: Work Boot Fit 
Part I of the thesis identified that although underground coal miners reported the fit of 
their work boots as reasonable to good, they frequently rated their boots as uncomfortable.  
These results suggested that there was a mismatch between the shape of underground coal 
miners’ feet and their boots.  Therefore, the aim of Chapter 4 was to identify whether 
dimensions derived from three-dimensional scans of mine workers’ feet differed from the 
internal dimensions of their work boots.  The results revealed that underground coal 
miners wore boots that were substantially longer than their feet, possibly because boots 
available in their correct length were too narrow to cater for the width of their feet.  It was 
recommended that boot manufacturers need to reassess the algorithms used to create the 
lasts used for underground coal mining work boots, focusing on adjusting boot 
circumference at the instep and heel relative to increases in foot length. 
Despite identifying mismatches between the foot shape of underground coal 
miners and their internal boot dimensions in Chapter 4, what is deemed acceptable fit is 
subjective and vaguely quantified in the literature, making specific work boot fit 
recommendations difficult.  Therefore, the aim of Chapter 5 was to establish the 
associations among objective measures of mining work boot fit and underground coal 
miners’ subjectively-rated work boot fit and comfort, reported foot problems, lower limb 
pain and lower back pain.  A secondary aim of Chapter 5 was to establish which objective 
measures of mining work boot fit were the main predictors of foot problems, lower limb 
pain and lower back pain occurrence.  Investigating these aims provided evidence upon 
which to develop specific recommendations to guide work boot fit.  It was found that fit 
at the heel, instep and forefoot are key areas that should be considered when fitting 
underground coal mining work boots, and not just the standard length measurement.  




predominantly on foot length, cannot be applied to fitting work boots for underground 
coal miners. 
The aim of Chapter 6 was to collate and examine what is currently known about 
the influence of boot design on walking in order to identify gaps in the literature and to 
develop evidence-based recommendations upon which to design future research studies 
investigating work boot design.  Boot shaft height and stiffness, boot mass and boot sole 
flexibility were identified as specific boot design features that are likely to contribute to 
walking efficiency in the work place. 
10.4 Thesis Part III: Work Boot Design and Walking 
The results of Part I and II of the thesis were used to develop prototypes of safety work 
boots, which were then investigated in Chapters 7, 8 and 9 (Part III of the thesis).  Boot 
shaft stiffness and sole flexibility were systematically altered in a standard boot to 
investigate whether changes in work boot shaft stiffness and/or sole flexibility affected 
critical phases of the gait cycle when individuals walked on simulated underground coal 
mining surfaces.   
The aim of Chapter 7 was to systematically investigate the effects of changes to 
shaft stiffness and sole flexibility on perceived comfort and the plantar pressures 
generated when walking on a simulated gravel coal mining surface.  The results revealed 
that there were no significant main effects of shaft stiffness or sole flexibility on perceived 
comfort.  Shaft stiffness and sole flexibility, however, each significantly affected the 
plantar pressures generated under the medial midfoot, heel, middle metatarsals and hallux 
and, in combination, affected the plantar pressures generated beneath the lateral midfoot, 
medial and lateral metatarsals and lesser toes when the participants walked across a gravel 




with factors such as fit, moveability, walking effort and support explaining why a 
participant perceived one boot as more comfortable than another.  Based on these 
findings, it was recommended that underground coal mining work boots should be 
designed to incorporate different flexibility and stiffness between the shaft and sole of the 
boot to optimise foot movement and, in turn, walking efficiency. 
As well as discomfort, lower limb injuries caused by slipping and tripping are 
highly prevalent in underground coal mining.  An improved boot design for underground 
coal miners should therefore be created to reduce the risk of a miner slipping and/or 
tripping.  Hence, Chapter 8 and Chapter 9 focussed on assessing the effects of variations 
in boot shaft stiffness and sole flexibility on walking at the critical points in the gait cycle 
where a slip and trip are most likely to occur, that is, initial foot-ground contact and toe 
off, respectively.  More specifically, the aim of Chapter 8 was to investigate the effects 
of systematic variations to shaft stiffness and sole flexibility in safety work boots on lower 
limb muscle activity and ankle motion in preparation for initial foot-ground contact when 
individuals walked across simulated underground coal mining surfaces.  The results of 
the research highlighted the complexity of work boot design whereby numerous 
significant shaft type x sole type x surface type interactions were identified that affected 
the lower limb muscle activity and ankle alignment at initial contact.  These results were 
in agreement with the hypotheses and highlighted the notion that boot design features 
should not be examined in isolation because interactions between the boot design features 
and the surfaces walked upon need to be considered when designing future work boots 
for underground coal miners.  Although there were no significant differences in heel 
contact velocity between the boot conditions, boot shaft type, sole type and surface 
condition interacted to significantly influence the activity of the thigh and shank muscles 




thought to be compensatory actions in response to the overall boot stiffness/flexibility, 
most likely to achieve a constant heel contact velocity and the correct ankle alignment in 
preparation for initial contact to avoid a slip.  However, these earlier onsets and increased 
thigh and shank muscle activity could become a slip risk over a typical 8-12 hour 
underground coal mining work shift due to increased potential for fatigue of the muscles 
primarily responsible for preventing a slip.  Therefore, a boot that has variable flexibility 
and stiffness between the shaft and sole of the boot was thought to be a better design 
option for underground coal miners in regards to slip risk than a boot that is overall stiff 
or overall flexible.   
The final study presented in Chapter 9, focussed on the effects of systematic 
variations to shaft stiffness and sole flexibility in safety work boots on toe clearance, 
lower limb alignment and shank muscle activity at toe off when individuals walked across 
simulated underground coal mining surfaces, with implications for tripping.  In agreement 
with the thesis hypotheses, the boot shaft type and boot sole type significantly interacted 
to influence the toe clearance height, ankle alignment and shank muscle activity used in 
preparation for toe off when the participants walked across the simulated mining surfaces.  
In contrast to the thesis hypotheses, however, the participants maintained the same knee 
and hip alignment, irrespective of boot conditions, despite the shank muscle activity and 
ankle alignment changing.  These changes in shank muscle activity and ankle alignment 
were thought to be compensatory actions in response to changes in boot shaft stiffness 
and sole flexibility to ensure a trip was not going to occur when the participants walked 
on the simulated underground coal mining surfaces.  Overall, it was recommended that a 
boot with a stiff shaft, regardless of whether it is combined with a stiff or flexible sole, 




Instead, a boot that has a flexible shaft combined with a stiff sole is likely to be a better 
design option when underground coal miners walk on gravel and soft surfaces. 
In summary, Part III of the thesis identified that underground coal mining work 
boots should have variable flexibility between the shaft and the sole of the boot.  A boot 
that has a flexible shaft combined with a stiff sole is thought to be the best boot design to 
provide adequate comfort, optimise movement of the foot and prevent the risk of 
slipping/tripping when walking on gravel and soft coal mining surfaces. 
10.5 Evidence-based Recommendations for Improved Boot Design 
 
Based on the results of this thesis, the following evidence-based considerations 
recommendations are made to improve future boot designs for underground coal miners. 
(1) Underground coal mining work boots need to be redesigned.  Not only do miners 
find their current work boots uncomfortable, quantitative evidence has confirmed 
that the shapes of miners’ feet do not match the shape of the inside of their work 
boots.  Miners also reported a myriad of foot problems that they attributed to their 
current work boots. 
(2) Underground coal mining work boots need to be made wider, particularly across 
the forefoot and heel area of the boot.  Boot manufacturers also need to reassess 
the algorithms used to create boot lasts, focusing on adjusting boot circumference 
at the instep and heel relative to increases in foot length. 
(3) The shape of the feet of underground coal miners vary extensively, with outliers 
in shape due to the presence of factors such as foot deformities (e.g. hammertoe).  
These outliers highlight the broad range of feet displayed by underground coal 




(4) Miners need to be better educated on how to select a boot that fits their feet 
properly.  Miners currently select boots that are too long (i.e. a larger size) to 
accommodate for the width of their foot. 
(5) One boot design will not meet the work-related requirements of all underground 
coal miners.  The shaft of the boot, sole of the boot and surface walked on interact 
to influence gait and therefore need to be considered when designing future work 
boots.   
(6) Results show that underground coal miners prefer a work boot with a flexible shaft 
and a stiff sole.  This differs to current work boots used in the industry, which 
feature either a stiff shaft and stiff sole (e.g. a leather lace-up boot) or a flexible 
shaft and flexible sole (e.g. a gumboot).  However, systematic alterations in boot 
shaft stiffness and sole flexibility did not have a significant effect on comfort 
scores, indicating that other boot design features play a larger role in overall 
comfort. 
(7) Underground coal mining work boots should have variable flexibility between the 
shaft and the sole of the boot.  A boot that has a flexible shaft combined with a 
stiff sole is thought to be the best boot design, from the options tested, to optimise 
movement of the foot and prevent the risk of slipping/tripping when individuals 
walk on gravel and soft coal mining surfaces.  A boot with a stiff shaft and stiff 
sole is the least desirable work boot design option in regards to slip and trip risk. 
These evidence-based recommendations are made in order to guide boot manufacturers 
in developing improved boot designs and to better educate industry in regards to work 
boot fit.  A summary of these key evidence-based recommendations that can be used by 
industry are displayed in Figure 47.  The recommendations are displayed in 3 sections; 




the shape of their feet (these data are based on the foot scans presented in Chapter 4), 
Section 2 defines how much of a gap should be left between a miner’s foot and the edge 
of their work boot to ensure a comfortable fit (these data are based on the gap data 
presented in Chapter 5), and Section 3 recommends what boot design features are ideal 
and what design features should be avoided, depending on what surface a miner primarily 
works on (these data are based on Chapters 6-9 and Dobson et al., 2018).    
Incorporating the evidence-based recommendations provided by this thesis could 
substantially improve the fit, comfort and functionality of underground coal mining work 
boots.  Improving work boot fit and comfort will enhance worker satisfaction and 
potentially reduce the foot problems, foot pain, lower limb and lower back pain currently 
experienced in underground coal mining, while reducing the potential for slips and trips 






Figure 47A: Summary of the key evidence-based recommendations for industry 





           
Figure 47B: Summary of the key evidence-based recommendations for industry 
to improve the comfort and functionality of underground coal 
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Illawarra Coal Boot Study Survey 
Appendix A 
First Name ______________  Last Name: ______________           
Gender: Male / Female 
Today’s Date: ____/ ____ / ____ D.O.B: ____  / ____ / ____                       
Site: Den. / West. / App. 
Shift: (Please circle)   Day Afternoon Night and Weekday Weekend
        
Your Job Details 
1. Please describe your current main working roles (e.g. heavy lifting, machine 




2. How many years have you been working in underground mining? (Please circle) 
 
0-2 yr 3-5 yr  6-10yr  11-15yr >16yr 
 
3. How many years have you been working in your current role? (Please circle) 
0-2 yr 3-5 yr  6-10yr  11-15yr >16yr 
 
4. What type of ground surface conditions do you generally work on? (Please circle all 
that apply) 
 
Muddy Dry Dirty  Hard (concrete/metal)  Uneven Flat 
Slippery/wet Other: ________  All of the above 
 
5. What is the average total amount of hours you work per shift? _________________ 
 
6. On average, how many hours per shift do you usually spend: (Please circle) 
 
Walking? 0 1 2 3 4 5 6 7 8 9 10 11 12 
Standing? 0 1 2 3 4 5 6 7 8 9 10 11 12 
Sitting? 0 1 2 3 4 5 6 7 8 9 10 11 12 
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Your Work Footwear  




8. Are these provided by Illawarra Coal? (Please circle)   
 
YES  NO     
 
If NO, are you a contractor?       
YES  NO 
 
9. Why do you prefer this footwear? (Please circle all that apply) 
 
Good Fit: Length  Good Fit: Width Ankle Support                             
 
They Don’t Expand          They Don’t Shrink Feel Comfortable                            
 
Flexible              Fastening Method       Grip          
 
Breathable              Light   Heavy 
 
Waterproof  Other:_________ 
 
10. What type of fastening method do you prefer? (Please circle all that apply) 
 
Laces Slip On Velcro  Buckle  Zipper   Other:________ 
  






12. How old is your current work footwear?   Years:_______ Months:______ 
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13. How often do you replace your work footwear? (Please circle) 
 
More than a year 6 months to a year 6 months    3months   Other:__________ 
 
14. How many pairs socks do you wear with your current work footwear at a time? 
(Please circle) 
 
0     1   2 3 More than 3  
 
15. On average, how often do you change to wear a clean pair of socks? (Please circle 
number and timeframe) 
 
1     2   3 4  times per DAY  WEEK  MONTH 
 
16. How often do you wash your socks? 
 
1     2   3 4  times per DAY  WEEK  MONTH 
 
17. How often do you wash your feet?  
 
1     2   3 4  times per DAY  WEEK  MONTH 
 
18.  If you wear more than 1 pair of socks, why this many pairs? (Please circle all that 
apply) 
 
Increases Comfort  Better Fit: Length Better Fit: Width 
 
Better Fit: Height             Reduces Pain             Moisture Control                    
 
Warmth                            Other:______ 
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21. Do you use talcum powder (Please Circle)? YES NO 
 
If NO, please go to Q. 23. 
If YES, please continue with Q. 22. 
22. Is this talcum powder provided by Illawarra Coal (Please Circle)? YES NO 
 
Your History 
23. Do you currently have any of the following foot problems? (Please circle all that 
apply) 
 
Corns Bunions Calluses Gout 
Swollen Feet Rash Blisters Amputated Toes 
Dry Skin Numbness Hammer Toes Ingrown Toenails 
Fungus Tinea  Plantar Warts Plantar Fasciitis 
Other: ______________________  NO 
 
24.  Do you currently get foot and or ankle pain? (Please circle)                               
 
       NO       Foot Pain              Ankle Pain 
 
If NO, please go to Q. 36. 
If YES to either foot or ankle pain, please continue with Q. 25. 
 
25. If so, how often do you get foot pain? (Please mark scale with an X) 
 
Rarely Occasionally Often Very Often Always 
1 2 3 4 5 
|_________________|_________________|_________________|________________
_| 
       
26. If so, how often do you get ankle pain? (Please mark scale with an X) 
 
Rarely Occasionally Often Very Often Always 








27. Where on the foot is the pain? (Please mark all places with an X) 
 
28. On which foot does this pain occur? Left Right Both 
 
29. On which ankle does this pain occur? Left Right Both 
 
30. Do your feet/ankles hurt at the start of the shift? YES NO 
 
31. Do your feet/ankles hurt at the end of the shift? YES NO 
 
32. Do you believe this pain is related to your work footwear?   YES         NO 
 
33. In relation to this pain or any other foot or ankle discomfort, have you ever sought 
professional advice?    
 
YES  NO 
 
If NO, please go to Q. 36. 
If YES, please continue with Q. 34. 
34.  Who did you seek this advice from? (Please circle) 
Podiatrist  Doctor  Physiotherapist  Other:________ 
 
35. Please feel free to leave any other comments about your feet pain in relation to your 





36. Do you have any of the following? (Please circle all that apply) 
Lower Back Pain   Upper Back  Pain Knee Pain Hip Pain NO 
 
If NO, please go to Q. 38. 
If YES, please continue with Q. 37. 
 
37. Do you believe any of this lower/upper back, knee or hip pain is related to your 
belt?  
 
YES NO   
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Your Orthotic Use 
38. Have you ever been prescribed with orthotics? (Please circle) YES NO 
39. Do you currently wear orthotics or use inner soles (eg. Blue Illawarra Coal ones) 
YES NO  
If NO, please go to Q. 47. 
If YES, please continue with Q. 40. 
 





41. Do you wear your orthotics/blue innersoles: on top, below or in substitute of your 
standard innersoles? (please circle below) 
 
On top      Below  or In substitute  
 
42. How many sets do you use at a time and how often do you change them? 
_________________ 
 
43. Who prescribed them? (Please circle) 
 
Doctor Podiatrist Pharmacist Self Friend  
 
44. Do your orthotics/blue innersoles affect the fit (length, width, depth) of your work 
footwear? (Please circle)  
 
YES  NO 
 
45. Does wearing your orthotics/blue innersoles improve the comfort of your work 
footwear? (Please circle)         
 
YES  NO 
 
46. Please feel free to leave any other comments about your orthotics/blue innersole 
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Work Footwear Fit and Comfort: 
47. Rate your overall work footwear fit. (Please mark an X on the scale) 
 
Very Poor Poor Reasonable Good Very Good 








Uncomfortable Indifferent Comfortable Very 
Comfortable 




49. If you could create your ideal work footwear, what would make them more 
comfortable? (Please number the following in order of preference with 1 being the 
most important and 11 the least important) 
 
(   )  Flexible (   ) Waterproof (   )  Ankle Support (   )  Non-Expandable 
(   )  Non-Shrinkable (   )  Fit: Width (   )  Fit: Length (   )  Fit: Depth 
(   )  Breathable (   )  Grip (   )  Other (Please specify):  
 
Foot and Footwear Knowledge 
50. What is your everyday shoe size:__________ (Please circle) US  or UK
  
51. What is your current work footwear size:__________  
 
52. Do you believe you have any of the following: (Please circle) 
 
52a)   Wide Feet Normal Feet Narrow Feet Not Sure 
  
52b)   High Arches Normal Feet Flat Feet Not Sure  
 
 

































It is not the critic who counts; 
not the man who points out how the strong man stumbles, or where the doer of deeds 
could have done them better. 
The credit belongs to the man who is actually in the arena, 
whose face is marred by dust and sweat and blood; who strives valiantly; who errs, who 
comes short again and again, 
because there is no effort without error and shortcoming; 
but who does actually strive to do the deeds; who knows great enthusiasms, the great 
devotions; who spends himself in a worthy cause; who at the best knows in the end the 
triumph of high achievement, and who at the worst, if he fails, at least fails while daring 
greatly, 
so that his place shall never be with those cold and timid souls who neither know 




April 23 1910 
 
 
 
 
